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Abstract 
The γ-radiation emitted during radioactive decay of the wastes in a nuclear fuel 
container can affect container corrosion.  When a metal/water system is exposed to γ-
radiation both the solid metal and the liquid water (or humid air) absorb energy.  This 
energy dissipates mainly as heat in the metal but induces decomposition of water molecules 
to yield a range of chemically reactive species. The different chemical environments 
induced in the metal and liquid phases can change the driving forces for surface reactions 
and thereby influence the rate and pathway of metal corrosion.  
This thesis presents the development of radiolysis kinetic models that predict 
radiolytic oxidant concentrations relevant to used fuel container (UFC) corrosion in the 
anticipated deep geologic repository (DGR) environments. The different DGR 
environments were addressed by constructing three different radiolysis kinetic models:  (1) 
water radiolysis model (WRM), (2) humid air radiolysis model (HARM), and (3) 
groundwater radiolysis model (GWRM).  
The HARM predicts that HNO3 will be the dominant oxidizing species formed 
during humid air radiolysis with its concentration increasing linearly with dose rate.  The 
extent of corrosion damage caused by HNO3 on a copper surface was conservatively 
estimated from the determined transfer rate of HNO3 in the gas phase to droplets in contact 
with the container.  A simplified rate formula for the overall radiolytic production of HNO3 
in humid air was proposed.  
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The radiolysis kinetics of deaerated and aerated water at temperatures ranging from 
25 to 80 oC was studied using the WRM. The model predicts that the key oxidants formed 
by radiolysis will be H2O2 and O2. In saline groundwater, GWRM predicted the formation 
of an intermediate, HOCl. The model calculations were verified using experimental data 
performed with pure water and chloride solutions. 
Radiolytic corrosion of Cu in saline solution was also investigated by performing 
experiments with γ-irradiation and with chemically-added radiolytic oxidants to simulate 
the effects of radiation. The results demonstrate that the continuous radiolysis production 
of reactive species at low levels has different effects on corrosion kinetics from the one-
time addition of these species at concentrations equivalent to their overall radiolysis yields 
over long times.  
Keywords:  
Radiation chemistry, gamma-radiolysis kinetics, chemical kinetics modelling, humid-air 
radiolysis, water radiolysis, saline-water radiolysis, radiolytic corrosion 
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Summary for Lay Audience 
Many countries, including Canada, are exploring long-term disposal of used 
nuclear fuel in a deep geologic repository (DGR). A key engineered barrier in this concept 
is the used fuel container (UFC). The Canadian UFC uses a copper-coated carbon steel 
vessel. The UFC will be exposed to a continuous flux of gamma radiation emitted from the 
radioactive materials trapped in the spent fuel matrix. One of the main factors to consider 
in the assessment of the integrity and longevity of the UFC is the effect of gamma radiation 
on container corrosion under anticipated DGR conditions. When exposed to gamma 
radiation, both solid container materials and the environments inside and outside the UFC 
absorb energy. In a metal, the absorbed energy dissipates mainly as heat, but gamma 
radiation induces chemical decomposition of water and air molecules to yield a range of 
reactive species that can alter the driving force for corrosion reactions. This thesis 
investigates the role of gamma radiation in the material degradation process. This was 
achieved through the development of computational models that can predict with 
reasonable accuracy the concentrations of key oxidants in various expected DGR 
environmental conditions.  
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Chapter 1 
Introduction 
1.1 Thesis Motivation 
Nuclear energy is one of the cleanest, most affordable and lowest greenhouse gas-
emitting energy sources.  In Canada, nuclear energy avoids 80 million tonnes of CO2 
emissions that would result from the fossil fuel-combusting plants required to produce the 
same amount of energy [1].  Nuclear power provides approximately 10% of worldwide 
electricity production [1].  Currently, 15% of Canada’s electricity and about 60% of 
Ontario’s electricity is generated by nuclear power [1].  Nuclear power has been a reliable 
source of energy and for it to remain sustainable, successful management of its generated 
wastes is of critical importance.  
Once a fuel bundle has been used to generate electricity, it is removed from the 
reactor and is disposed of as waste.  Fuel reprocessing is not currently an option in Canada 
and therefore spent fuel bundles have been accumulating.  A total of approximately 2.9 
million used CANDU fuel bundles are in storage at the nuclear reactor sites as of June 
2018 [2].  This number increases by approximately 82,000 each year and it is projected 
that the total number could reach up to 3.5 to 5.4 million with the currently operating 
nuclear reactors [2].     
Canada’s plan for long-term management of nuclear waste is to contain, isolate and 
permanently dispose of it in a deep geologic repository (DGR) using a multi-barrier system.  
Figure 1.1 illustrates the proposed DGR concept that consists of multiple natural and 
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engineered barriers that will prevent the release of radionuclides to the environment.  The 
first barrier consists of about 500 meters of rock in several geological layers.  Another 
barrier is the bentonite clay that will be packed around the fuel containers.  The clay will 
swell in wet conditions and tightly seal around the containers.  A key barrier is the used 
fuel container (UFC), which was recently redesigned.  The current UFC design consists of 
an inner vessel made of carbon steel (CS) for structural strength to withstand repository 
loads with a Cu coating as an external corrosion barrier [3].  Compared with the previous 
design, the CS vessel thickness has been reduced considerably (from 10 cm to 4.6 cm) and 
the 25 mm-thick outer copper shell has been replaced with a 3-4 mm thick integrally-
applied copper coating [3, 4].  The use of a pressure-grade CS vessel with a copper coating 
improves the mechanical integrity by eliminating many fabrication issues associated with 
the previous design.  The key changes in the UFC design are schematically presented in 
Figure 1.2.   
 
Figure 1.1:  A schematic illustration of the multiple-barrier system proposed 
for the permanent disposal of spent nuclear fuel in the Canadian deep geologic 
repository [4, 5]. 
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Although the copper coating thickness is significantly thinner in the new design, it 
is still considered to have a sufficient margin for corrosion allowance. The corrosion 
allowance was determined based on the knowledge gained over the past 20 years of studies 
on the corrosion of copper in DGR conditions [6, 7].  However, these studies involved low 
salinity groundwater conditions and the copper layer in the previous design was thicker, 
therefore the possibility of radiolytic effects was not considered.  As the used fuel will 
remain radioactive for thousands of years, the UFC will be exposed to a continuous flux of 
γ-radiation emitted from the fission and neutron activation products trapped in the spent 
fuel matrix.  For the used CANDU fuel with a burnup of 220 MWh/kgU, the -radiation 
dose rate at the external surface of the new UFC design has been calculated to be ~2.3 
Gyh−1 for 10-year old (from discharge) fuel and ~0.02 Gyh−1 for 200-year old fuel (where 
1 Gy = 1 Jkg−1) [8] (the dose rates of α- and -radiation are negligible and will not affect 
copper corrosion). This is a significant (> 20- fold) increase in the external fields compared 
to those that were anticipated for the previous UFC design [4, 8].  Any humid air or water 
near the UFC will undergo radiolysis, producing redox-active species that can alter the 
corrosion dynamics of the copper coating. 
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Figure 1.2:  Schematics of the previous and current UFC designs. 
Water exposed to ionizing radiation decomposes to form primary water radiolysis 
products as given in R 1.1 [9]. 
H2O      OH, eaq
−, H, H2, H2O2, H
+    (R 1.1) 
The primary water decomposition products differ considerably in their chemical 
reactivity and redox properties.  Some are highly oxidizing (e.g., •OH, H2O2) or highly 
reducing (e.g., •eaq
−, •O2−, H2) species.  They can participate in electrochemical reactions 
leading to corrosion. A good understanding of their production rates and subsequent 
reactions is of key importance for selecting materials with suitable corrosion behaviours 
[10, 11].   
There are also other reactive species such as •HO2, O2, •O2
– and •O3
– that are 
formed as secondary water radiolysis products.  These species rapidly react with each other 
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and with any additional species in solution and on surfaces whenever they are present.  If 
the radiation field is constant, the irradiated system quickly reaches a steady state, in which 
the concentrations of the radiolytic decomposition products of water stabilize at low levels 
[10].  These low but (pseudo-) steady-state concentrations over long-term irradiation are 
crucial parameters in determining the radiolytic production rate of hydrogen or other 
radiation-induced species that can affect the corrosion process.   
The DGR environment is predicted to evolve through a sequence of stages: (1) an 
initial aerated period with no condensed H2O on the Cu surface, (2) a period of aerated 
vapour in equilibrium with a condensed H2O layer on the surface, (3) a transition period to 
fully water-saturated air and potentially oxidizing aqueous conditions, and (4) a final 
aqueous anoxic period after container corrosion and reactions with minerals and organic 
matter in the surrounding clay has consumed all of the available O2 [12].  The time frame 
over which this evolution will occur is currently uncertain as it will also depend on the 
specific DGR environment.  The temperature near the container surface will initially rise 
due to the radiation absorbed from the decay of radionuclides in the spent fuel.  The 
radiolysis processes and their effects on corrosion will differ depending on the stage of 
DGR evolution. 
 With the conditions anticipated above and the thinner second-generation container 
design, radiation is more likely to affect the corrosion process, which is why a more 
thorough analysis of the effects of radiolysis on corrosion progression has become a 
requirement for licensing.  
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1.2 Thesis Objective and Approach 
The main objective of this thesis is to develop an accurate understanding of the 
effect of ionizing radiation on gaseous and aqueous phase chemistry and to identify the key 
radiolytically produced oxidants that can influence material degradation. This is critical for 
the safety assessment of the long-term integrity of materials to be used for the disposal of 
high-level waste in the nuclear industry. These materials and components are subject to a 
continuous flux of ionizing radiation (particularly -radiation) emitted from decaying 
radionuclides trapped in the used UO2 fuel matrix.  Radiation energy transferred to the 
metal phase will dissipate mainly as heat and does not induce chemical changes. However, 
the water and gaseous phase (humid air) exposed to radiation are decomposed to redox-
active species (such as H2O2 and HNO3) that can affect the corrosion of materials.                                       
One of the outcomes of this thesis is the development of a chemical kinetic model 
to determine the concentrations of radiolytically produced oxidants that may potentially 
impact the integrity of materials exposed to different environments (humid air, pure water, 
waters with impurity levels of solutes, saline water and water vapour) where ionizing 
radiation is present. The model calculations were validated using experimental results from 
radiolysis of pure water, low and high chloride solutions and coupon exposure tests (under 
-radiation and with chemically added oxidants). Sensitivity analysis was performed on the 
radiolysis model calculations to develop simplified formulae for the net production rates 
of key radiolysis products for incorporation into the corrosion models. 
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1.3 Thesis Outline 
The first three chapters of this thesis provide the introduction and background 
information about the thesis project: the motivation, objectives and approach in Chapter 1, 
literature review and technical background in Chapter 2, and the experimental and 
modelling details in Chapter 3.  
Chapter 4:   This chapter presents a model of the dose rates at the container surfaces as a 
function of fuel age. It also utilizes a humid air radiolysis model to determine the 
concentration of the main oxidants produced as a function of dose rate and relative 
humidity relevant to the container and DGR environment. Particular attention is given in 
the model calculation to the radiolytic production of HNO3 and providing a bounding 
estimate for its corrosion effect on copper. 
Chapter 5: The moist environment inside the UFC will be exposed to a continuous flux of 
ionizing radiation, producing oxidants that can affect the integrity of the container.  It is 
expected that the container and its proximate environment will be warm and could heat to 
~90 oC from the heat generated from the radiation energy absorbed by the fuel matrix and 
the metal.  This chapter examines the effects of temperature, pH, the presence of dissolved 
O2 and nitrate on water radiolysis reactions. 
Chapter 6: A saline groundwater reaching the UFC is one of the possible scenarios in the 
DGR. The groundwater will be subjected to a continuous flux of γ-radiation. In this chapter, 
the effect of chloride on the steady-state water radiolysis kinetics was studied and the 
potential radiolytic oxidants were determined.  
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Chapter 7: In the previous chapters the oxidant species generated through irradiation were 
identified.  This chapter assesses the possible extent of corrosion damage in the highly 
saline groundwaters that may be present in Canadian DGR environments.  Radiolysis of 
highly saline groundwater can produce powerful oxidants such as H2O2 and HOCl.  Copper 
immersion tests in saline solution in the presence or absence of radiation and chemically 
added oxidants (H2O2 and HOCl) were performed to simulate the radiolytic copper 
corrosion under these conditions. 
Chapter 8: Thesis summary, overall conclusions and a brief discussion of the scope for 
future work. 
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Chapter 2 
Technical Background and Literature Review 
2.1 Nuclear Waste Management in Canada 
Many countries are exploring the long-term disposal of used nuclear fuel in deep 
geological repositories (DGR) using multiple-barrier systems.  These systems consist of 
multiple natural and engineered barriers designed to safely isolate and contain spent fuel 
wastes approximately 500 m below ground.  In Canada, it is the Nuclear Waste 
Management Organization (NWMO) that is responsible for designing and implementing a 
DGR for this purpose.  In 2011, NWMO began the process of redesigning their DGR 
system; the main change was to the used fuel container (UFC, the key engineered barrier), 
with a copper-coated variant proposed [1].  The new UFC design consists of an inner vessel 
made of carbon steel (CS) for structural strength with a Cu coating as an external corrosion 
barrier [2].  Compared to the previous design, the CS vessel thickness has been reduced 
from 10 cm to 4.6 cm and the 25 mm-thick outer copper shell has been replaced with a 3-
4 mm integrally applied copper coating [2, 3].  
The use of a pressure-grade CS vessel and copper coating eliminates many 
fabrication issues associated with the previous design while improving the overall 
mechanical integrity of the container.  Although it is significantly thinner, the copper 
coating thickness in the new UFC design is considered to have a sufficient margin for 
corrosion allowance.  While it is not likely to impact the overall safety assessment of the 
UFC, it is prudent to develop a robust understanding of container corrosion under DGR 
conditions so that its evolution over long time scales can be predicted with confidence.  
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2.2 Background on Radiation Chemistry 
2.2.1 Radiation Chemistry 
Radiation chemistry is the field of study that examines the chemical effects 
produced in a system that is exposed to ionizing radiation, such as alpha (α) and beta (β) 
particles and gamma () or X−ray electromagnetic radiation.  Radiation chemistry differs 
from photochemistry. The difference lies in the way reactions are initiated.  In 
photochemistry, atoms or molecules are exposed to relatively low energy electromagnetic 
radiation such as infrared (IR) and ultraviolet (UV).  These low energy sources (in a range 
of several eV) provide sufficient energy to induce vibrational or electronic excitations in 
target molecules. This excitation happens in a one-to-one manner; a single photon interacts 
with a single molecule and the frequency of the radiation is highly specific to the molecular 
structure.  Due to the high specificity of the interaction, photochemistry can be described 
as a solute-oriented process in which the bulk solution remains unaffected by the presence 
of the radiation [4].  
In contrast, radiation chemistry involves high energy ionizing radiation (in the keV 
to MeV range) that excites or ionizes a large number of molecules randomly distributed 
along the radiation track.  This means that all molecules present are equally likely to 
interact with the radiation and the bulk solution is most affected.  Hence, radiation 
chemistry can be described as a solvent-oriented process [4]. 
2.2.2 Ionizing Radiation 
The electromagnetic spectrum of light that consists of a wide range of long and 
short wavelength radiation can be divided into two categories: ionizing and non-ionizing.  
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Non-ionizing radiation has longer wavelengths and sufficient energy to vibrate atoms in a 
molecule but not enough to remove electrons (induce ionization).  Examples of this are 
radiofrequency waves, infrared, microwaves and visible light.  In contrast, ionizing 
radiation has much shorter wavelengths and therefore much greater photon energies.  These 
energies are sufficient to break chemical bonds and eject tightly bound electrons, resulting 
in charged particles (ions).  The most common examples of ionizing radiation are 
−particles, −particles and −rays [5].  These particles typically have energies in the range 
of 10 keV to 10 MeV [4].  Ionizing radiation results from the decay of radioactive materials 
or can be produced artificially using X−ray tubes and particle accelerators (it is also 
produced by some astral processes). An α−particle is a high energy (or fast) helium nucleus 
He2+2
4  and a β−particle is a fast-moving electron, and both can be emitted from decaying 
radionuclides [4].  The α−particles emitted from radionuclide decay have discrete energies 
that are characteristic of the radionuclide.  β−particle energy is also dependent on the 
specific radionuclide that is decaying, but instead of having one discrete energy, their 
energies range from near zero, up to a maximum energy which is characteristic of the 
radionuclide. Particle emission during decay is also accompanied by the emission of X− 
and −rays.  Emitted γ-photons also have discrete energies that are characteristic of the 
particular radionuclide, but for a given radionuclide decay there can be emission of 
multiple photons with different energies. For example, the β−decay of 60Co emits γ−rays 
that have energies of 1.332 MeV and 1.173 MeV [4].  The energy of radiation particles and 
photons ranges from 0.1 MeV to 5 MeV [6]. This energy is not high enough to induce 
nuclear reactions, but it is high enough to ionize atoms and molecules that are present on 
its path.  Hence these particles and photons are known as ionizing radiation.   
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2.2.3 Ionizing Radiation in Spent Fuel Wastes 
An unused (i.e. before fission) Canada Deuterium Uranium (CANDU) fuel bundle 
consists primarily of ceramic uranium dioxide (UO2) pellets stacked in a zircaloy tube. 
Each UO2 pellet contains natural uranium that is approximately ~99.28% 
238U and 0.72% 
235U (atomic percent) [7, 8].  After about 18 months of fission reactions, they are removed 
from the reactor core because of the depletion of fissile (235U) material and the build-up of 
neutron-absorbing fission products and actinide by-products [8].  The composition of the 
fuel at this point is 98.58% 238U, 0.23% 235U, 0.27% 239Pu (atomic percent) and a number 
of fission products and actinides [8].  The fuel is highly radioactive after removal from the 
reactor, but this radioactivity decreases substantially with time due to the decay of short-
lived radionuclides.  Even so, the fuel bundles will remain significantly radioactive for 
thousands of years and will continue emitting ionizing radiation into their surroundings 
due to ongoing radionuclide decay.  In the fuel bundle, −particles are largely confined 
within the nuclear fuel and only the behaviour of −particles and −photons is of interest 
for water radiolysis. 
2.2.4 Interaction of Radiation with Matter  
High-energy charged particles and photons are also referred to as ionizing radiation 
because of their ability to ionize atoms and molecules.  When passing through a medium, 
ionizing radiation continually loses energy through a series of energy transfer events via 
inelastic collisions with electrons located along the radiation path.  The rate of energy 
transfer per unit of penetration length through a medium is referred to as the linear energy 
transfer (LET) rate.  In a given medium, the LET is highest for α-particles, followed by β-
particles, and lowest for γ-photons [4].  Accordingly, penetration depths of 20 – 25 μm are 
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typical for α-particles, 0.5 – 1.0 cm for β-particles, and tens of cm for γ-rays in water at 
room temperature [4, 5], as shown in Figure 2.1.  Because of their large collision cross 
section with electrons (or small mean free path), the heavy charged α-particles lose their 
energy completely within a short distance.  This results in a very dense collection of excited 
and ionized particles along a short stretch of the radiation track: Figure 2.2.  Beta-particles 
also lose energy through inelastic collisions.  However, due to their much lower mass, the 
inelastic mean free path is larger for a -particle and the penetration range is much deeper.  
Gamma rays have energies of the order of 40 keV to 10 MeV and also a large penetration 
depth (tens of cm in water).  High energy γ-rays lose their energy by Compton scattering 
and the photoelectric effect.  Compton scattering is the initial process, where a γ-photon 
interacts with an electron, causing the electron to accelerate while the photon is deflected 
with reduced energy [4, 5].  Each ejected electron from these high-energy collisions acts 
similarly to a -particle and continues the collision effect through an electron cascade 
process until it loses energy.  Therefore, - and -radiation induce similar chemical effects 
in the interacting medium per absorbed unit of radiation energy [4].  For photons with 
energies below about 60 keV, the photoelectric effect becomes the most important process 
[5]. 
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Figure 2.1: Penetration depth of ionizing radiation and density of excited species in 
water. 
The amount of energy absorbed by the medium, rather than the radiation source 
strength, is the controlling parameter determining the consequences of its exposure to 
radiation.  The dose absorbed (or the total energy absorbed) by the interacting matter is 
expressed in units of Gray (Gy), where 1 Gy = 1 Jkg-1.  The absorbed dose rate is dictated 
by the rate of energy transfer from radiation to the medium, and the radiation source 
strength.  The rate of energy transfer from radiation to matter depends on the type of 
radiation as well as the density of electrons (or mass) in the interacting matter, as described 
above. 
  
α : 20 – 25 μm 
β : 0.5 – 1.0 cm 
γ : tens of cm 
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2.2.5 Water Radiolysis  
When exposed to ionizing radiation, water decomposes to form a range of 
chemically reactive species. The initial interaction of a radiation particle or photon with 
water produces an electron plus a positively charged water ion, or alternatively, an excited 
water molecule. Each radiation particle (or photon) can undergo many such interactions 
before it loses most of its energy.  The secondary electrons ejected from water molecules 
also have high kinetic energies (tens of eV) and thus can ionize or excite one or two further 
water molecules.  Thus, each collision between a radiation particle/photon with water 
creates a group of 2-3 ions/excited molecules referred to as a spur (Figure 2.2).  As the 
spurs expand, the electrons and ions within them may continually experience coulombic 
attractions with each other that then leads to the recombination of ions or radicals, thereby 
reducing the net chemical decomposition caused by the absorption of radiation energy.  
This process is referred to as geminate recombination. If coulombic attraction fails to cause 
the recombination of the electrons and ions, they will undergo ion-molecule reactions to 
form radical or molecular products, or solvate, as illustrated in Figure 2.3 [4, 9-11].  How 
rapidly the initial radiolysis products are thermalized before these reactions take place is 
very important in determining how effectively the absorbed radiation energy is used in 
producing chemical decomposition products versus heat.   
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Figure 2.2: The radiation track resulting from a γ-photon [4]. Spur size not to scale. 
 
Figure 2.3: Schematic of the reaction mechanisms and approximate time scales for 
production of various species during water radiolysis [9, 12]. 
 The distribution of the water radiolysis products reaches homogeneity along the 
radiation track within 10-9 to 10-6 s. The chemical species formed at this time scale are 
referred to as primary radiolysis products and the yields are expressed in g-values [9, 13].  
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The g-value is defined as the number of molecules produced per unit of absorbed energy 
and has standard units of µmol·J-1. g-values depend strongly on the type of radiation (, , 
) and solvent properties.  For −radiolysis and −radiolysis of water, the primary radiolysis 
products and corresponding g-values (µmol·J-1) are compared below in Table 2.1: 
Table 2.1: The primary − and −radiolysis yields (g-values, mol·J−1) in liquid water at 
25 °C [4, 13, 14]. 
The primary (or homogeneous) radiolysis yields are achieved in a very short time 
scale (< s) when solute concentration is less than 10−2 M.  Since chemical reactions in 
condensed phases (liquid or solid) are slow, we can take the yields multiplied by radiation 
dose rate (J/kg H2O/s = Gy/s) as the initial production rate of these species.  Homogeneous 
aqueous phase chemical kinetics in a radiation field involves the reactions of these primary 
radiolysis products with each other, with water molecules, and, if present, with solute 
species.  Detailed kinetic analyses of the events occurring in a time scale less than s are 
not necessary to follow the chemical kinetics of processes occurring in aqueous phase or 
condensed phase interfacial reactions.   
2.2.6 Dependences of Primary Radiolysis Yields on Water Properties 
The primary radiolysis product yields (g-values) of a given solvent medium mainly 
depend on the amount of energy absorbed by the medium and the medium’s chemical 
Radiation H2O •eaq
– H+ •OH •H •HO2 H2 H2O2 
 –  0.43 0.27 0.27 0.28 0.06 0 0.05 0.07 
 – 0.26 0.02 0.02 0.02 0.01 0.01 0.12 0.11 
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nature. They are nearly independent of the rate of energy absorption for radiation with an 
energy in the range of 0.1 to 5 MeV [6].  Since the amount of energy absorbed depends 
primarily on the mass of the solvent, the density of the solvent medium will affect the rate 
of linear energy transfer (or absorption).  However, the primary radiolysis yields per unit 
absorbed energy are nearly independent of the rate of energy absorption and hence, the 
primary yields are nearly independent of the density of the medium.  For low LET 
radiation, the density of the solvent medium also has little impact on the spur density along 
the radiation track.  Without significant overlap between spurs, the density of the solvent 
medium alone has very little effect on the chemistry occurring inside the spurs. A more 
significant effect can be caused by the properties of the solvent medium that can influence 
the coulombic attraction between the ion pairs and radicals and their mobility inside the 
spurs. This influence of solvent properties on the primary radiolysis yields can be 
appreciated from a comparison of the g-values for liquid water and water vapour (Table 
2.2). The g-values for water vapour are independent of the vapour density.  The comparison 
also shows that the g-value for water decomposition and the ratio of radical to molecular 
yields are higher for water vapour than for liquid water.   
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Table 2.2: Primary -radiolysis yields (g-values, mol·J−1) in liquid water and water 
vapour at  25 °C [30,31]. 
 
The differences in the g-values for liquid and vapour water arise from other 
properties of water (such as the dielectric constant, r, the viscosity, , and the ionic 
product) and not directly from differences in density. As mentioned earlier, one of the 
features that greatly influences the yields of primary radiolysis products is the interactions 
within spurs. The probability with which electrons, ions and radicals avoid geminate 
recombination is related to the ability of the medium to solvate electrons and/or diffuse 
them away from their counter ions.  This probability is referred to as the escape probability, 
Pesc, and is determined by: 
Pesc ∝ 𝑒𝑥𝑝(−
𝑟𝑐
𝑟⁄ )                    (Eq. 2.1) 
where r is the separation distance between an electron and a counter ion.  In this equation, 
rc is the Onsager radius, the distance between an electron and its counter ion at which the 
coulombic potential between them equals the average thermal kinetic energy of the 
particles in the solvent system [12]. 
𝑟𝑐 =  
𝑒2
4𝜋𝜀𝑟𝜀0𝑘𝐵𝑇
                    (Eq. 2.2) 
  Water phase H2O eaq
– H+ OH H O H2 H2O2 
Liquid –  0.43 0.27 0.27 0.28 0.06 0 0.05 0.07 
Vapour – 0.74 0.0 0.0 0.63 0.74 0.11 0.05 0.0 
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where e is the elementary electron charge (e = 1.6 x 10−19 C), εr is the dielectric permittivity 
of the medium, εo is the dielectric constant of permittivity in a vacuum (εo = 8.854 x 10−12 
J−1 C2 m−1), kB is the Boltzmann constant (kB = 1.38 x 10−23 JK−1), and T is the 
temperature in Kelvin (kBT is the average thermal kinetic energy of a system).  This 
equation shows that the escape probability increases exponentially with the dielectric 
constant of the solvent medium.  As a result, the g-values, which are chemical yields, 
should decrease with decreasing dielectric constant.  
The escape probability also increases exponentially with the distance, r, which is 
the average distance travelled by the electron away from its partner cation before it 
becomes thermalized (loses its kinetic energy as heat).  This distance depends on the 
mobility of the electron (or counter ion) in the solvent medium.  The ion or electron 
mobility, , in turn, is inversely proportional to the viscosity, , of the medium [15], an 
observation also known as Walden’s rule [16]. The electron mobility is also very dependent 
on the extent of solvation.  In a low dielectric medium, where the Onsager radius is large, 
the speed at which an electron can move beyond the range of coulombic attraction becomes 
important.  Thus, in a low dielectric medium, the solvent viscosity effect on the electron 
mobility becomes a more important parameter than the dielectric constant in determining 
the g-values.  The g-values increase with decreasing viscosity. 
The effects of dielectric constant and viscosity can be seen in the different radiolytic 
yields (g-values) for free ions (equivalent to the g-value of solvent decomposition) 
observed for different organic solvents, listed in Table 2.3. A comparison of the g-values 
for water, methanol, ethanol and benzene, solvents that have similar densities and 
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viscosities but significantly different dielectric constants, shows that a decrease in 
dielectric constant decreases the g-value.  A comparison of solvents that have similarly low 
dielectric constants (benzene, cyclohexane and neopentane) but different viscosities, shows 
that a decrease in viscosity increases the g-value.   
Table 2.3: Dielectric constants, viscosities, Onsager radii (rc) and free ion yields (gfi)  
[12, 15, 17-20]. 
 
The effect of viscosity on g-values becomes more pronounced in a low dielectric 
medium.  The effect of viscosity can be also seen in the difference in the g-values for the 
radiolytic decomposition of liquid water and water vapour (listed in Table 2.2).  In addition, 
the vapour phase favours radical production over ion production.  This is attributed to the 
difference in the ionic product, Kw, of the two phases.  It should also be noted that the 
g-values for irradiation of water vapour have been reported to be independent of the steam 
density, as expected [4]. 
In a system at equilibrium, the average kinetic energy of a particle is proportional 
to the absolute temperature (EKE  ½ kBT).  Hence, an increase in water temperature from 
25 C to 325 C will only increase the average energy of a particle by a factor of two.  This 
results in only a small change in particle collision energies when compared to the energy 
Liquid 
Density 
(kgm–3) 
Viscosity 
(centipoise) 
Dielectric 
Constant 
rc 
(nm) 
gfi 
(mol·J−1) 
Neopentane 586 0.007 1.86 32 0.11 
Cyclohexane 779 0.297 2.02 28 0.015 
Benzene 876.5 0.601 2.27 25 0.005  
Methanol 787 0.54 32.7 2.3 0.20 
Ethanol 785 1.08 24.3 2.3 0.18 
Water 997.1 0.89 78.5 0.7 0.28 
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required for ionization or electronic state excitation (EKE, 25 C = 0.013 eV vs. 1 - 12 eV).  
Hence, we would not expect to see a significant change in primary radiolysis yields as a 
function of temperature over this range. Intramolecular energy transfer between different 
energy states of water cations or electronically excited water molecules is already fast at 
25 C and temperature change on its own has no significant effect on ionization efficiency. 
Furthermore, in liquid water, the dipole moment orientation around a thermal electron e−th, 
and hence the rate of solvation, is also fast.  Thus, the temperature has only a small effect 
on spur or track chemistry.  However, the water temperature can affect the g-values via its 
influence on the solvation properties of water (dielectric constant, viscosity and ionic 
product).   
When the water decomposition products have moved outside of the range of 
influence of coulombic attraction to their counter partners (ions or radicals), it is said the 
radiation products are “out-of-spur” and they can be considered as free ions and free 
radicals. The coulombic influence of counter ions diminishes as the spur expands and the 
counter ions mix with those formed in other neighbouring spurs or already present in the 
bulk phase.  Once the system reaches this stage, the subsequent physical and chemical 
processes of these ‘free’ species can be treated as ordinary bulk phase chemistry. 
The time frame during which spur expansion occurs is approximately 100 ns in 
liquid water at 25 C, Figure 2.3.  The species present at the end of this stage (green box in 
Figure 2.3) are normally referred to as ‘primary’ radiolysis products and the number of 
molecules formed per unit of absorbed energy are reffered to as the primary radiolysis 
yields.  In this sense ‘primary’ does not refer to the first species created upon the interaction 
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of a radiation particle with a water molecule but rather to the starting point for the chemical 
evolution of an irradiated system. 
2.2.7 Steady-State Water Radiolysis Prediction by Chemical Kinetics 
Modelling  
Gamma () radiation of a metal/water interface leads to the absorption of energy. 
In the metal, this is dissipated as heat [4, 9], but in the water, decomposition to both highly 
oxidizing (e.g., •OH, H2O2, O2) and highly reducing (e.g., H2, •O2−) species occurs.  Under 
continuous irradiation, these primary radiolysis products are formed continuously and react 
with each other, additional H2O species (H2O, H
+ and OH−) and other solute species that 
may be present (such as O2 from the air in contact with the water, dissolved metal ions or 
anions).  This results in the relatively rapid achievement of the species’ pseudo-steady-
state concentrations.  These steady-state concentrations are crucial in controlling corrosion 
in a steady-state radiation environment [21, 22], and being able to predict them is therefore 
desirable. Interestingly, these reactions can be described very effectively using simple 
classical rate equations.  However, solving rate equations can be difficult because of the 
complex and large sets of reactions needed.  It requires a quite large set of closely coupled 
reactions to model a chemical system.  In a pure water system, about 40 elementary 
homogenous reactions are required to describe the radiolysis kinetics.  When other species, 
such as NO3−, are present additional reactions related to NO3−
 need to be included [23].   
Additionally, the time to achieve steady-state varies, with some reactions establishing 
equilibrium or catalytic cycles in solution very quickly ( < 1 ms), e.g. acid-base equilibria.  
Coupled reaction cycles, such as (eaq− + O2 → O2−) with (OH + O2− → OH− + O2) can 
eliminate certain species (in this example, eaq−
  and OH) without affecting the 
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concentration of other species involved (in this case O2).  Since other reactions become 
important at longer time scales, the concentrations of radiolysis products cannot be 
predicted simply by considering the competition between individual reactions.  For this 
reason, pH and the type and concentration of solute species strongly influence steady-state 
concentrations of reactive species while having only a small impact on primary radiolysis 
yields. 
Laboratory experiment combined with kinetic modelling of water radiolysis in γ-
radiation fields have previously been performed for pure water: in different pHs [24], in 
the presence or absence of dissolved O2 [24], water containing low levels of organic species 
[13, 25, 26] and water containing radical scavengers [27, 28].  The radiolysis kinetics of 
the conditions expected in nuclear operations have also been studied: radiolysis kinetics of 
NO3
− and NO2
− [23], steady-state radiolysis products at a high temperature (150 oC) [20] 
and in supercritical water [20, 29, 30]. The effect of interfacial mass transfer (aqueous to 
gaseous) on steady-state water radiolysis has also been studied [31].  
Many pulse radiolysis studies of water have been carried out, but the results of these 
studies are not sufficient to predict what will occur over long durations when the system 
chemistry is at steady-state. The pulse radiolysis studies have been instrumental in deriving 
the reaction rate constant data for individual very rapid reactions [14, 32, 33].  While the 
chemical behaviour of these systems can be predicted using the obtained reaction rate data 
in chemical kinetics models, it is still essential that such predictions are validated using 
data obtained from long-term radiolysis experiments [24, 34]. 
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2.2.8 The Irradiated Environment in the DGR 
 After emplacement in the DGR, the temperature of the container is expected to 
increase to nearly ~100 oC and the redistribution of moisture within the bentonite may lead 
to a surface relative humidity (RH) of ~ 50-70%.  This may be just sufficient to exceed the 
critical RH required to establish aqueous conditions and the onset of atmospheric corrosion 
[35-37].  The period required for resaturation is uncertain but expected to be between 20 
and 100 years.  As resaturation progresses, O2, initially trapped when the repository was 
sealed, will be consumed by Cu corrosion and reactions with minerals and organic 
materials in the clay.  Consequently, repository conditions will evolve from oxidizing to 
anoxic over an uncertain period of 10s to 100s of years.  Based on this, four different 
exposure periods can be defined: (1) a period of aerated vapour with no water condensed 
on the Cu surface; (2) a period of aerated vapour in equilibrium with a condensed H2O 
layer on the container surface; (3) an aerated period under fully saturated conditions; and 
(4) a final anoxic period after the available O2 has been consumed. During this evolution, 
redox conditions at the Cu surface will also be influenced by the γ-radiation field.  Since it 
is dominated by the decay of 137Cs in the fuel, the field will have a half life of ~ 30 years, 
and the γ-dose rate at the thin-walled container surface would decay from ~ 2.3 Gyh−1 (10 
years) to ~0.02 Gyh−1 after 200 years [38]. 
2.2.9 Radiolysis of Aerated Vapour and Saline Groundwaters  
Prediction of the steady-state concentrations of radiolysis products in water has 
previously been demonstrated [23, 24, 31].  Pure water radiolysis involves 7 primary 
radiolysis products and ~40 strongly coupled elementary reactions. Challenges occur when 
additional species are added into the system.  For example, in an irradiated humid air 
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system, the absorption of energy by the three main components of air (N2, O2 and H2O) 
results in the formation of the primary products listed in reactions (R 2.1 to 2.3).  These 
products include electronically excited and ionized molecules, ions and free radicals [39].  
The combination of the primary radiolysis products from H2O, O2, and N2 leads to the 
radiolytic formation of the oxidant HNO3 [40], which will dissolve in the surface H2O 
layer, resulting in solution nitrate (NO3−) and the lowering of pH, both of which are 
expected to influence the corrosion behaviour of materials. 
N2     N2
+, N+, e−, N, N2
*  (R 2.1) 
O2     O2
+, O+, e−, O, O2
* (R 2.2) 
H2O     H2O
+, H2, O, OH, H, O
+, e−, H+, OH+ (R 2.3) 
Consequently, predicting the steady-state concentrations of radiolysis products 
under humid air conditions is more challenging than  for liquid water radiolysis since the 
model includes 25 primary production processes, about 730 reactions, and 95 species (ions, 
molecules, radicals, and electronically excited species) [40, 41]. 
Humid air radiolysis has long been studied and is known to produce HNO3 [42-44].  
However, these studies were more focused on the production mechanism than the 
implications of the results for actual applications, e.g. how much HNO3 is produced under 
humid DGR conditions and the possible extent of damage to the used fuel container. 
Radiolysis of saline groundwater is one of the processes expected to occur in the 
DGR.  Current geologic information about the probable DGR site indicates a high 
probability of extremely saline groundwater conditions (up to 5-6 M [45]), and therefore 
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understanding the radiolysis of concentrated chloride solutions is important. The radiolysis 
kinetics of saline water should be the same as pure water but with the inclusion of relevant 
chloride elementary reactions. Depending on the chloride concentration, chloride will also 
directly interact with ionizing radiation and have its own set of primary products (R 2.4). 
As mentioned earlier, changes in the chemical nature of the medium have a significant 
impact on its radiolysis processes.  In this case, the presence of additives or impurities (Cl−) 
changes the water properties. For instance, the solution properties of 5 M NaCl at 25 oC 
are: density of 1.16 kgm−3, viscosity 1.73 cP [46] and the dielectric constant has been 
calculated to be 34.5 [47]. 
 Cl−  Cl2−
 , ClOH−, Cl3−    (R 2.4) 
The g-values for chloride solutions have been reported [48]; however, they have 
not been critically evaluated, and a preliminary examination shows that the values do not 
meet mass and charge conservation criteria.  More important uncertainties arise since 
chlorine does not just simply act as an oxidant, but can also exist in different oxidation 
states and affect the steady-state concentrations of water radiolysis products.  For example, 
Cl− reacts with OH to form Cl2 and can also form ClO−, ClO3− and ClO4− [49].  Of these 
species, Cl2 and ClO− are weaker oxidants than OH, but may participate more effectively 
in metal corrosion reactions [50].  Since one of the main decomposition pathways for H2O2 
is the reaction with OH, a decrease in [OH] due to reactions with chlorine species may 
increase the steady-state concentration of H2O2.   
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2.3 Radiolytic Corrosion of Waste Container Materials  
Carbon steel (CS) corrosion in various environments has been extensively studied 
over a long period, due to its wide range of applications.  The corrosion of carbon steel 
under γ-radiation has been investigated in wide ranges of pH and temperature [21, 51, 52], 
as well as in non-aqueous environments [53]. Studies are also available on carbon steel 
corrosion behaviour under DGR conditions [54-56]. Although CS can exhibit very 
different corrosion behaviours in different environments, the overall process always 
consists of similar elementary steps [56]. 
On Cu and Cu alloys, radiation effects have been studied at moderate dose rates in 
both solutions [57-64] and moist air [65, 66] as well as at unrealistically high dose rates 
when corrosion would be inevitable [67-70].  In both aerated and deaerated saline solutions 
(150 oC, 27 Gy/h), radiation proved to be beneficial, with protective cuprite (Cu2O) film 
being formed [59, 60].  In the absence of radiation, the film was fractured and contained 
CuCl3.3Cu(OH)2, indicating an oxidative breakdown of the Cu2O layer leading to the 
deposition of CuII solids.  Under unsaturated aerated conditions (90oC to 150oC at 100 
Gy/h) [65, 66] a protective cuprite layer also formed, and the corrosion rate was only 
marginally greater (~1.5 times) than in the absence of radiation.  At the higher dose rate, 
cupric nitrate (CuNO3(OH)3) was formed, indicating oxidizing surface redox conditions 
sufficient to cause an oxidative breakdown of the Cu2O base layer and the fixation of N 
into the CuII oxide phase.  Recent studies in deaerated pure water (80, 370, 770 Gy/h) [71-
73] show the production of Cu2O and the release of soluble copper, with the extent of 
dissolution being dependent on the total absorbed dose rate.  Attempts to simulate the 
influence of radiation with chemically-added H2O2 led to Cu2O formation, but no release 
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of soluble copper. The failure to account for the total extent of corrosion by water radiolysis 
was unexplained. 
Some information on the reactions of potential radiolytic oxidants, such as H2O2 
and Cl-based oxidants can be obtained from the corrosion/electrochemical literature.  The 
electrochemical reduction of H2O2 on Cu occurs on a Cu
I surface and appears to be 
catalyzed by a CuI/CuII redox couple [74].  Surface-enhanced Raman spectroscopy shows 
reduction appears to involve the formation of a CuIOH species and the kinetics are strongly 
influenced by the presence of Cl− which complexes CuI leading to its dissolution as 
CuIClx
(x-1)− [75].  Moreover, none of these studies are under the conditions expected in the 
presence of γ-radiation.   
The influence of Cl− on Cu corrosion has been well studied [76-78] and is known 
to involve a CuIClads intermediate. Depending on the relative concentrations of Cl− and OH− 
this intermediate can hydrolyze to Cu2O or dissolve as Cu
IClx
(x-1)−. Once dissolved, 
CuIClx
(x-1)− could be oxidized by O2 or radiolytic oxidants to yield precipitates such as 
paratacamite (CuII2(OH)3Cl).  How these transitions would be influenced by radiolytic 
oxidants at different dose rates, and the consequences for corrosion, are unknown.  
2.4 Laboratory Simulation of γ-radiation Environment 
Experiments to study the effects of ionizing radiation on materials have often 
involved exposing the material of interest to an active radiation source, to mimic the 
environment the materials will be exposed to. The actual environments are often difficult 
to simulate because the exact condition can be hard to predict.  They can be too extreme, 
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moderate or change too frequently, making laboratory-scale experiments impractical.  This 
is the case in the environment expected in the DGR.  There is not one distinct environment, 
but rather an evolution through different stages.  In terms of ionizing radiation present, the 
strength of γ-radiation diminishes over time.   
 Studies on the effect of γ-radiation on materials frequently use an external radiation 
source to mimic the conditions to which the material is exposed.  The most common 
radiation source used is a gammacell irradiator which uses either 60Co or 137Cs as the 
radiation source.  The precise radiation dose rate depends on the initial strength (activity) 
of the source and the time (date) when the experiment was performed.   
This thesis studies the role of γ-radiolysis kinetics on the dynamics of material 
degradation to help understand how the UFC will behave in various irradiated 
environments.  Experiments conducted in this thesis used a 60Co gammacell irradiator to 
induce radiolysis in the studied systems.  There has been some debate in the waste 
management field about what type of radiation source is best for simulating the 
environment expected in the DGR:  the 60Co used in our laboratory or the 137Cs source used 
by some other researchers. 137Cs is the key γ-radiation emitter in the spent fuel, so the 
argument has been made that it is a more suitable simulation source. This section explains 
why there is no essential difference in terms of their interaction with matter.  
There are three known processes for the interaction of γ-photons with matter: (i) 
the photoelectric effect, (ii) Compton scattering and (iii) pair production. The predominant 
type of interaction observed depends on the photon energy. The main energy loss process 
of γ-photons of energies 30 keV – 20 MeV when interacting with low atomic number 
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materials is by Compton scattering.  The photoelectric effect is more important for high Z 
and low energy photons, while electron-positron pair production requires a minimum 
photon energy of 1.02 MeV.  
The main energy transfer process for the γ-photon from 60Co and 137Cs is Compton 
scattering.  The probability of Compton scattering is nearly the same over the photon 
energy range 0.6 MeV to 1.3 MeV. The Compton-scattered electron can have energy up to 
the energy of the γ-photon. This high-energy electron travels at a very high speed and 
collides with any bound electrons on its path (its interaction with the nucleus is extremely 
small).  The photon energy from 137Cs decay is 0.66 MeV while 60Co produces 1.17 MeV 
and 1.33 MeV photons, all of which are large enough to induce Compton scattering. 
For a given medium the different γ-photon energies from 137Cs and 60Co will only 
affect the penetration depth, and not the linear energy transfer rate. The energy loss rate 
per unit mass of the interacting medium within the irradiated volume depends on the 
number of γ-photons per unit time the medium is exposed to. That number is determined 
by the number of radioactive nuclides (137Cs or 60Co) and their radioactive decay rate; the 
shorter the half-life, the more γ-photons per second.  The energy deposited in the interacting 
medium (absorbed energy per unit mass) is only one parameter that affects materials 
degradation. What is more important is what fraction of that energy is used to induce 
chemical changes. The chemical effects that radiation induces depend on how the energy 
transferred to the atoms and molecules are distributed within them and on what time scales.  
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A good analogy for this is that regardless of how a turbine is rotated to generate 
electricity, whether it be by wind or by steam generator (from coal or nuclear), the 
electricity generated by the turbine is the same.  
It is therefore correct to say that the chemistry the γ-photon induces in water or 
metal (per absorbed energy within an irradiated volume) will not be different for 137Cs and 
60Co.   
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Chapter 3 
Experimental Principles and Details 
In this chapter, the principles of the experimental techniques used in this thesis are 
briefly reviewed.  Also included is a brief discussion on the modelling approach used in 
the development of the radiolysis kinetic model.  More detailed information on sample 
preparation and experimental and modelling parameters is provided in the experimental 
sections of the subsequent chapters, as needed. 
3.1 Analytical Methods 
3.1.1 UV-Visible (UV-Vis) Spectrophotometry 
Ultraviolet and visible (UV-Vis) absorption spectroscopy is the measurement of the 
attenuation of a beam of light after passing through a sample or after reflection from a 
sample surface. This absorption spectroscopy technique uses electromagnetic radiation 
between 200 nm and 800 nm which can be categorized as the ultraviolet (UV, 200-400 nm) 
and visible (Vis, 400-800 nm) regions. 
A UV-Vis spectrophotometer consists of a light source, a sample cell, a dispersive 
element (e.g. prism) and a diode array detector which allows the instrument to 
simultaneously detect the absorbance at all source wavelengths. The intensity of a beam of 
light is measured before (incident) and after (transmitted) passing through a transparent 
sample cell (cuvette) containing the analyte. The amount of light absorbed is the difference 
between the intensities of the incident radiation (Io) and the transmitted radiation (I) and is 
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expressed as either transmittance or absorbance [1, 2]. Transmittance usually is described 
in terms of a fraction of 1 or as a percentage and is defined as: 
T =
𝐼
𝐼𝑜
   or  % T = (
𝐼
𝐼𝑜
) × 100                 (Eq. 3.1) 
Absorbance is the negative logarithm of the transmittance, 
𝐴 =  − log
𝐼
𝐼𝑜
                  (Eq. 3.2) 
Most applications use absorbance values since the relationship between absorbance 
and both analyte concentration and cell path length is normally linear.  The concentration 
of an absorbing species is quantitatively determined using the Beer-Lambert law which 
gives the relationship between absorbance and concentration. 
𝐴 =  log
𝐼𝑜
𝐼
=  𝜀 𝑐 𝑙                 (Eq. 3.3) 
where ε is the molar absorption or extinction coefficient of the analyte, expressed 
in units of Lmol-1cm-1, l is the optical path length of the cuvette (usually in centimeters), 
and c is the concentration of the sample in molL-1.  The amount of light absorbed is 
proportional to the number of absorbing molecules which the light encounters [1, 2]. 
UV-Visible spectrophotometry has been used widely for the quantitative 
determination of substances.  In this thesis, it was mainly used to measure the hydrogen 
peroxide concentration produced from γ-radiolysis of water.   
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3.1.2 Gas Chromatography (GC) 
The gas phase that lies above the liquid sample in a vial is referred to as the 
headspace gas.  This gas contains the gaseous species that have partitioned from the liquid 
phase to the gas phase during radiolysis.  In this thesis, GC headspace analysis focused 
mainly on quantification of the H2 and O2 produced during γ-irradiation. A gas sample was 
extracted from the vial’s headspace using a gas-tight syringe with a Luer lock (Agilent 
Technologies) and injected into a GC system (GC-MS, 6580 Agilent Technologies) 
through a gas-tight septum. 
Gas chromatography is an analytical technique used for the separation, 
identification and quantitative determination of volatile compounds. In gas 
chromatography, separation of the components is achieved by their distribution between 
two phases. One is a stationary phase with large surface area and the other is a mobile phase 
(gas) that is in contact with the stationary phase [3]. A normal gas chromatograph has the 
solid phase on the walls of a small diameter column and the mobile phase moves through 
the column. Due to differential partitioning between the mobile phase and the stationary 
phase on the walls of the column, the components of the gas phase are separated over time. 
Transport of the gas to be analyzed through the column is achieved by the flow of an inert 
carrier gas [3, 4]. 
A variety of detectors can be used in gas chromatography, which all use some 
physical or chemical property of the analyte. The H2 concentration was determined using 
a thermal conductivity detector (TCD) [5]. The TCD compares the thermal conductivities 
of two gas flows: the carrier gas that bypasses the separation column (reference) and the 
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carrier gas that has passed through the column (column effluent).  The TCD is less reliable 
for O2 measurement because of its low thermal conductivity (the thermal conductivities for 
N2, H2, and O2 are 26.0  186.6   and  26.5 mW∙m
-1∙K-1, respectively at 300 K [6]). Instead, 
the highly electronegative O2 was measured by an electron capture detector (ECD).   
3.1.3 Raman Spectroscopy 
Raman spectroscopy is an analytical method used to probe the chemical 
composition of materials that are Raman active.  The Raman spectrometer instrumentation 
consists of a laser source, sample illumination and scattered light collection systems, and a 
light detection system.  Raman spectroscopy detects induced changes in the polarizability 
of the electron cloud around a molecule after interaction with light [7, 8].   
When a sample is irradiated by an intense laser beam in the UV-visible region two 
types of scattered radiation are produced.  These are Rayleigh scattering (elastic), which 
dominates and has the same frequency (νi) as the incident beam, and Raman scattering 
(inelastic) which is very weak (approximately 1 in 107 incident photons) and has 
frequencies  
  𝜈 =  𝜈𝑖 ± 𝜈𝑣𝑖𝑏                 (Eq. 3.4) 
where νvib is one of the vibrational frequencies of an analyte molecule.  In Raman 
spectroscopy the vibrational frequency is measured as a shift from the incident beam 
frequency that occurs when a molecule absorbs the incident photon to form a virtual high 
electronic energy state and then immediately relaxes to a lower level energy state with a 
different vibrational energy state.  The scattered photons with a lower energy than the 
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energy of the incident photon (νi - νvib) are called Stokes scattering as schematically shown 
in Figure 3.1a.  A frequency shift νi + νvib is observed when the molecule initially in a high 
vibrational energy state is excited and relaxes to a lower vibrational energy state.  This 
results in a scattered photon with a higher frequency than that of the incident light and is 
called anti-Stokes scattering.  Anti-Stokes scattering has a lower intensity (Figure 3.1b) 
because fewer molecules are initially in excited vibration states than in the ground state 
(for molecules in thermal equilibrium where the Boltzmann distribution for populations of 
vibrational energy states will apply). 
Vibrational spectra of molecules correspond to stretching and bending motions of 
their bonds.  Since the vibrational energy levels are characteristic of the bonds between 
atoms, they are chemical compound-specific and can be associated with specific 
wavelength shifts [9].  A measurement of these shifts is thus a means of identification of 
scattering compounds.  Raman spectroscopy is a particularly useful tool because spectra 
can be measured in an aqueous phase without interference, since water is not Raman active.  
A Raman spectrum is normally reported as Raman shifts in terms of wavenumbers (1/λ) in 
units of cm-1.  
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Figure 3.1: Illustrations showing the (a) energy transitions and (b) corresponding 
relative peak intensities of Rayleigh scattering, Stokes (Raman) scattering, and Anti-
Stokes scattering. 
 Raman scattering measurements were performed using a Renishaw InVia Reflex 
Raman Spectrometer with a laser excitation wavelength of 633 nm. A 50x objective lens 
was used to focus on the copper surfaces, and spectra were recorded over the wavenumber 
range 120-2000 cm-1 at 0.5 mW of power. Spectra were calibrated using the 520.5 cm-1 
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line of a silicon wafer.  Raman scattering measurements were carried out at Surface Science 
Western. 
3.1.4 Inductively Coupled Plasma-Optical Emission Spectroscopy 
(ICP-OES) 
 Inductively coupled plasma optical emission spectrometry (ICP-OES) is an 
analytical technique used to determine the concentrations of elements in aqueous samples. 
In this technique, an inductively coupled plasma (ICP) is used as the ionization source to 
produce excited atoms or ions that emit photons at wavenumbers characteristic of an 
element.  Typically, the plasma is created using argon.  Photons are emitted with different 
wavelengths and are separated using a monochromator before the intensities are detected 
with a spectrometer.  Using calibration standards, the measured intensities can be converted 
into concentration units [10].  Depending on the element, ICP-OES can detect 
concentrations as low as parts per million (ppm) to parts per billion (ppb). 
 In this thesis, ICP-OES was used to determine the concentration of dissolved 
copper present in chloride solutions after coupon immersion. The analyses were performed 
using a Perkin Elmer Avio 200 ICP-OES. 
3.1.5 Digital Optical Microscopy 
 Digital optical microscopy is a technique that provides information about the 
topography and morphology of a surface. Digital microscopes do not have eyepieces, but 
instead the digital image from the high-resolution sensor is viewed and captured on a 
computer screen.  
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 The microscope produces an image by focusing the lens on a particular point of 
the sample.  The resolution of images taken by the optical microscope cannot compete with 
scanning electron microscopy (see below).  However, optical microscopes can capture the 
colours of the oxides on the coupon surface, which often reveal their composition.  Digital 
optical microscopy, therefore, is a more convenient and cost-effective technique when a 
higher magnification is not required.  Since optical microscopes do not need to be operated 
in a vacuum environment, this technique is also less destructive to the loosely attached 
corrosion products.  Digital microscopes can produce high resolution 3D images of the 
surface morphology, through focus depth mapping.   
  In this thesis a digital optical microscope was used to analyze the surface 
morphology of copper coupons exposed to different environments. The images were 
produced using a Leica DVM 6A digital microscope using same light settings for each 
sample.  
3.1.6 Scanning Electron Microscopy (SEM)  
Scanning electron microscopy (SEM) is one of the most versatile tools  used for the 
examination and analysis of the structure (including surface topography and composition) 
of various materials on the micrometre scale [11].  It has many advantages over 
conventional optical microscopy, such as higher magnification and better depth resolution.   
SEM can also be combined with techniques that provide quantitative elemental 
composition of materials, such as energy dispersive X-ray spectroscopy (EDX).   
 In SEM a highly-focused primary electron beam with energy of 0.5 to 30 keV is 
directed onto a sample surface and this result in the production of secondary electrons, 
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backscattered electrons, characteristic X-rays, and continuum X-rays.  The surface 
topography of a sample is mainly derived from the intensities of the low energy secondary 
electrons (< 50 eV) that are generated during the process.  By measuring the intensity of 
these secondary electrons as a function of the position of the primary electron beam, an 
image of a sample surface can be created.  Samples are placed in a high vacuum chamber 
(10-6 Torr) to provide an absorption free path for the electron beam and the resulting 
secondary electrons.  High spatial resolution with high sensitivity to topographic features 
on the outermost surface is possible with SEM, which can be attained when the primary 
electron beam is focused to a very fine focal spot (0.4 to 5 nm) and when using a primary 
electron beam with an energy of < 1 kV [12]. 
3.1.7 Energy Dispersive X-ray Spectroscopy (EDX) 
 Quantitative elemental characterization of samples can be obtained using EDX in 
combination with SEM.  In EDX, as the primary electrons interact with the material 
surface, the electrons from the inner orbital of the sample atoms are ejected, resulting in a 
vacancy (hole).  An electron from a higher orbital drops down to fill the vacancy, resulting 
in the emission of a photon that is uniquely characteristic of the element’s atomic structure.  
By measuring the intensity and energy of these photons the elemental composition of the 
sample can be determined.  
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3.1.8 Focused-Ion Beam (FIB) 
Focused-ion beam (FIB) milling or sputtering is a technique complementary to 
SEM and is used to cross-section samples to expose the oxide and metal interface. This 
technique can be used to study the thickness of the oxide film, in addition to its composition 
and morphology. The FIB uses gallium ions to sputter the surface at accelerating voltages 
between 5 to 50 keV.  The cross-section cut is then imaged by SEM.  FIB milling was 
carried out at the Western Nanofabrication Facility. 
3.2 General Experimental Design and Setup 
3.2.1 Solution Preparation and Degassing 
 All solutions were prepared fresh before each experiment using water from a 
NANOpure Diamond UV ultrapure water system (Barnstead International) to give a 
measured resistivity of 18.2 Mcm (referred to in this thesis as Type 1 water).  Water 
radiolysis experiments were performed at pHs of 6.0 and 10.6. Solutions of pH 10.6 were 
prepared by dropwise addition of 10–3 M lithium hydroxide.  Solutions of sodium chloride 
(0.001, 0.01, 2, 3, 5 M) were prepared with analytical-grade NaCl (Sigma-Aldrich, 99.0% 
purity) dissolved in Type 1 water, where the measured solution pH were between 6.0 to 
7.0.  The solution pH was measured both before and after irradiation tests using an 
electronic pH meter (Accumet).  Solutions for chemically-added radiolytic oxidant 
simulants were prepared with reagent grade sodium hypochlorite (Alfa Aesar, 10-13 %) 
and hydrogen peroxide (Alfa Aesar, 3% wt.) solutions diluted to a concentration of 1.0 × 
10-5 M using the desired prepared chloride solution. 
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 Solutions requiring deaeration were prepared by purging with ultra-high purity 
argon (Praxair, impurity 0.001%) for one hour.  The bulk solution was then transferred into 
an argon-filled glove box where the atmospheric oxygen concentration was kept below 
1000 ppm.  The desired sample volume of the deaerated solution was then transferred into 
20 mL glass vials, and the vials were sealed with aluminum crimp caps with PTFE silicone 
septa (Agilent Technologies) that provided a vacuum seal to prevent loss of gaseous species 
during irradiation.  For aerated solutions, a bulk solution was saturated with hydrocarbon 
free air (Praxair) for more than 1 h and then transferred into individual 20 mL vials.      
3.2.2 Corrosion Tests 
The copper metal coupons that were used in this study were fabricated from a 
wrought copper samples provided by the Swedish Nuclear Waste Management Company 
(SKB).  Coupons cut from the wrought copper samples were either cuboidal with 
dimensions of 1 cm × 0.7 cm × 0.3 cm or cylindrical, 1 cm in diameter and 0.5 cm thick.  
All the coupon surfaces were manually abraded using a series of silicon carbide papers 
(400, 600 and 1200 grit).  The coupons were then washed with Type 1 water, ultrasonically 
cleaned in an acetone/methanol mixture, and finally washed again with Type 1 water and 
dried under a stream of argon. 
In an Ar-filled glove box, each coupon was placed in an individual 20 mL 
glass/quartz vial.  A 10 mL or 1 mL chloride solution was delivered into each vial resulting 
in full immersion of the coupon in both cases.  The vials were then sealed with aluminum 
crimp caps fitted with PTFE silicon septa (Agilent Technologies) that provided a vacuum 
seal to prevent any losses or contamination from outside gasses during the test.   
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3.2.3 Sample Irradiation 
All experiments in this study that required the presence of ionizing radiation used 
an MDS Nordion Model 220 gamma cell irradiator containing radioactive 60Co material.  
Cobalt-60 is a synthetic radioactive isotope of cobalt with a half-life of 5.27 years [6]. It is 
produced through neutron capture of 59Co as shown below: 
𝐶𝑜27
59 + 𝑛 →  𝐶𝑜27
60         (R 3.1) 
Cobalt-60 is unstable and decays to 60Ni by beta emission while simultaneously 
releasing excess energy in the form of γ-photons with characteristic energies of 1.17 and 
1.13 MeV.  
𝐶𝑜27
60 →  𝑁𝑖28
60 +  𝛽− +  ?̅?𝑒 +  𝛾      (R 3.2) 
The Nordion 220 60Co gamma cell contains 11 aluminum-encapsulated tubular 
60Co pencils arranged in a circle around the sample chamber to provide a uniform 
absorption dose rate (Figure 3.2).  High atomic number materials (lead and depleted-
uranium) shield the exterior of the irradiation chamber to reduce the dose rate to personnel.  
The sample loading chamber (with cylindrical geometry, 20.3 cm high and 7.5 cm in 
radius) descends into the irradiation chamber by a vertical lift [12].  A digital timer is 
programmed to terminate the radiation exposure by returning the loading chamber to its 
raised position after the time setpoint has been reached. 
 Sample vials were placed in a custom-designed sample holder so that each vial was 
located equidistant from the cylindrical edge of the irradiation chamber, Figure 3.3. This 
provides a uniform absorption dose rate for all samples during the irradiation period.  
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Individual test vials were removed from the irradiation chamber at regular time intervals 
to allow for gas and liquid phase analysis. 
Over time, the source strength of the 60Co pencils decreases (60Co t½ = 5.27 years) 
and the absorption dose rate to the irradiated solutions therefore also decreases with time.  
Over the time frame of the experiments documented in this thesis, the dose rate varied from 
4.0 to 2.3 kGy∙h−1, as determined by Fricke Dosimetry  [13]. 
 
Figure 3.2: Photo (a) and graphical drawing (b) of the Nordion 220 60Co Gammacell 
irradiator used in the study. 
(a) (b)
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Figure 3.3: Photo of the custom-designed specimen vial holder that fits into the MDS 
Nordion 220 Gamma Cell irradiation chamber. 
3.2.4 Sample Analysis 
3.2.4.1 Water Radiolysis Tests 
Liquid and gas samples were extracted from the test vials after completion of an 
irradiation period (normally as soon as reasonably possible). The gas analysis was 
performed using gas chromatography (GC).  Gas samples were extracted from the vial’s 
headspace using a gas-tight syringe with a Luer lock valve (Agilent Technologies) and 
were injected into the gas sampling port of the GC.  The GC system consisted of a GS-
GASPRO column (0.32 mm and 60 m) connected to three detectors: a thermal conductivity 
detector (TCD), a microcell electron capture detector (μ-ECD), and a mass selective 
detector (MSD).  Measurement of H2 in the headspace was conducted using the TCD 
detector with nitrogen as the carrier gas at a flow rate of 4.6 mlmin-1 as described in detail 
by Joseph et al. [14].  Using this method, the detection limit for the gaseous concentration 
of hydrogen [H2(g)] was 4.0×10
−7 molL−1 and the uncertainties in the measurement arising 
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from sampling and instrumental errors were estimated to be ±50% at the low end of the 
measured concentration range and ±0.005% at the high end of the concentration range.      
Liquid samples were analyzed for hydrogen peroxide via UV-Visible 
spectrophotometry.  The concentrations of H2O2 in aqueous samples were determined using 
the Ghormley tri-iodide method [14-16]. An iodide reagent was prepared immediately 
before using by mixing 2.5 ml of two solutions containing: (a) 5 g potassium hydrogen 
phthalate in 250 ml of water and (b) 0.5 g NaOH, 0.05 g (NH4)6 Mo7O24.4H2O, and 16.5 g 
KI in 250 ml of water.  In the presence of an ammonium molybdate catalyst, I− is rapidly 
oxidized to I3
− by H2O2. To measure the H2O2 in a sample, 1 ml of the sample was diluted 
in 5 ml of distilled water and 2.5 ml of each of the reagent solutions were added. 
Absorbance was measured at 350 nm (the wavelength of maximum absorption for I3
−). A 
molar extinction coefficient of 25500 M–1 cm–1 for I3
− at 350 nm was used [17] to calculate 
the concentration of H2O2 in the sample. 
The spectrophotometric measurements were conducted using a diode array 
spectrophotometer (BioLogic Science Instruments Modular Optical System 450 and ALX 
250 lamp with J&M TIDAS NMC 301 detector). 
3.2.4.2 Radiolytic Copper Corrosion Tests 
After each copper corrosion test, Cu coupons were removed, rinsed, dried and 
stored under vacuum until instrument time was available for surface analysis. Optical 
microscopy, focused ion beam, scanning electron microscopy, energy dispersive X-ray 
spectroscopy, and Raman spectroscopy were performed to study the composition and 
morphology of the oxide that had formed on the copper surfaces.  The aqueous samples 
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rinsed from the coupons were kept and analyzed for copper content by inductively coupled 
plasma optical emission spectroscopy. 
3.3 Modelling Approach: Radiolysis Kinetic Model  
 Modelling of chemical systems with the aid of a computer is a very useful approach 
for understanding the mechanistic processes underlying a chemical system.  It also serves 
as a guideline for what to expect during actual experiments.  One of the advantages of 
kinetic analysis, when used in combination with experimental results, is that it can provide 
a means of identifying the key reaction pathways in a chemical system and interpreting 
experimentally observed patterns [18].  Good agreement between model prediction and 
experimental results over a wide range of conditions validates the kinetic model and can 
be used to predict chemical systems with parameters outside the tested range.   
3.3.1 Reaction Sets 
The validity of a kinetic model depends on two assumptions: (1) all the relevant 
reactions are included in the model and (2) the rate constants of the individual reactions 
are accurate enough.  The humid air radiolysis model (HARM) was developed based on 
the kinetics of an ion discharge model developed by Matzing for an electron beam dry 
scrubbing process (EBDS) [19].  The groundwater radiolysis model (GWRM) was 
developed by incorporating the chloride reactions reported by Sunder and Christensen [20] 
and by Kelm and Bohnert [21, 22] into an existing pure water radiolysis model developed 
by Wren et al. [14, 18, 23-25]. The pure water radiolysis model had already been 
successfully validated for the simulation of the radiolysis of liquid water at ambient 
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temperatures, as a function of pH, dissolved O2, the effect of interfacial mass transfer and 
the effect of nitrate and nitrite species [14, 18, 23-25].   
A chemical kinetic system under continuous irradiation consists of a large number 
of elementary reactions that are strongly coupled and need to be solved computationally.  
The reactions included in the pure water model and the GWRM are listed in chapters 5 and 
6 and the reactions included in the HARM are listed in Appendix B.   
3.3.2 Chemical Reaction Rate Equations 
A computational chemical reaction kinetic model can be divided into two main 
components: (1) the description of the chemical reaction kinetic system and (2) the 
computer software that solves coupled rate equations.  The description of the chemical 
kinetic system includes a collection of elementary chemical reactions and their rate 
constants that determine the reaction rates of the chemical species involved.  The chemical 
species may be reactants, intermediate products or the final products, where individual 
species can be involved in more than one elementary reaction.  The overall rate equation 
for the concentration of each chemical species can be constructed from the sum of the rates 
of the elementary reactions in which the species is involved.  For example, for a chemical 
kinetic system that consists of two elementary reactions (R 3.3) and (R 3.4): 
A  +  B  →  C  +  D        (R 3.3) 
A  +  C  →  E         (R 3.4)  
The overall rate equations for species involved can be constructed as: 
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𝑑[𝐴]
𝑑𝑡
= −𝑘1[𝐴][𝐵] − 𝑘2[𝐴][𝐶]               (Eq. 3.5) 
𝑑[𝐵]
𝑑𝑡
= −𝑘1[𝐴][𝐵]                 (Eq. 3.6) 
𝑑[𝐶]
𝑑𝑡
= 𝑘1[𝐴][𝐵] −  𝑘2[𝐴][𝐶]                (Eq. 3.7) 
𝑑[𝐷]
𝑑𝑡
= 𝑘1[𝐴][𝐵]                 (Eq. 3.8) 
𝑑[𝐸]
𝑑𝑡
= 𝑘2[𝐴][𝐶]                 (Eq. 3.9) 
where k1 and k2 represent the rate constants for reactions (R 3.3) and (R 3.4), 
respectively.   
With the addition of appropriate input and boundary conditions, the rate equations 
of the coupled reactions can be solved as a function of time to predict the evolution of a 
particular chemical system.  
In water radiolysis, the net change in the concentration of species, i, in the system 
is then given by the sum of the rates of the reactions that can either form or consume the 
species. 
𝑑[𝑖]
𝑑𝑡
=  ∑ 𝑘𝑙𝑚 ∙ [𝑙] ∙ [𝑚]𝑙,𝑚→ 𝑖 − ∑ 𝑘𝑖𝑗 ·𝑗 [𝑗] · [𝑖]                                  (Eq. 3.10) 
Where klm is the 2
nd order rate constant for the reaction of species l and m producing 
species i, in units of M−1·s−1 (or dm3·mol−1·s−1). The second term of the equation is the 
consumption path of species i by reaction with species j at rate constant kij. 
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In addition to the chemical reactions that form or consume a species, the model 
includes the rate of formation of a limited set of species by radiolysis.  The rate of 
production of species i (in units of M·s−1) by radiolysis is defined as: 
𝑅𝑎𝑑𝑖𝑜𝑙𝑦𝑠𝑖𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑖 =
𝑑[𝑖]
𝑑𝑡
= 10−6  ∙ 𝑔i ∙ 𝐷𝑅 ∙ 𝜌𝐻2𝑂   (Eq. 3.11) 
where gi is the primary radiolysis yield or g-value for production of species i in units of 
mol·J−1, DR is the absorbed radiation dose rate in units of Gys−
1 (Jkg−1s−1), and w is the 
density of water in units of kg·dm−3. 
The combination of the rates of primary radiolysis production (Eq. 3.11) and the 
chemical reactions of the species in solution (Eq. 3.10) yields the net concentration of a 
reactive species i in the bulk phase at a given time. 
𝑑[𝑖]𝑡
𝑑𝑡
|
𝑛𝑒𝑡
≈ 10−6 ∙  𝑔i ∙ 𝐷𝑅 ∙ 𝜌𝐻2𝑂 + ∑ 𝑘𝑙𝑚 ∙ [𝑙] ∙ [𝑚]𝑙,𝑚→ 𝑖 − ∑ 𝑘𝑖𝑗 ∙ [𝑗]𝑗 ∙ [𝑖]                
                                                                                            (Eq. 3.12a)  
𝑑[𝑖]𝑡
𝑑𝑡
|
𝑛𝑒𝑡
≈ 10−6 ∙  𝑔i ∙ 𝐷𝑅 ∙ 𝜌𝐻2𝑂 − ∑ 𝑘𝑖𝑗 ∙ [𝑗]𝑗 ∙ [𝑖]                                   (Eq. 3.12b) 
Note that for a primary radiolysis product the rate of any secondary production of 
this species via chemical reactions is typically negligible compared to the rate of the 
primary radiolysis process.  The multiplicity of complex chemical reactions within a model 
poses a mathematical problem for time-dependent solution.  Because of extensive linkages 
between the reactions, a typical model constitutes a set of ‘stiff’ differential equations.  This 
problem is not amenable to analytical solutions and must be solved numerically.   The set 
of stiff differential rate equations comprising the radiolysis model was solved by a 
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numerical integration method with the aid of the commercially available software 
FACSIMILE, available from MCPA Software. This software is especially useful for 
chemical reaction kinetic model analysis because that is what it is specifically designed for 
[26].   
3.3.3 Radiolysis Kinetic Model 
The main modelling challenge for radiolysis kinetics that last longer than a 
millisecond is the sheer number of elementary chemical reactions and their rate constants 
that need to be included. For example, more than 40 reactions involving more than 10 
chemical species are required to adequately describe the radiolysis kinetics of pure water.  
The number of reactions to consider can increase dramatically with chemically reactive 
solute species and/or corroding surfaces present. The main model development activities 
include (1) assembling a set of primary radiolysis processes with their g-values and the 
chemical reactions with their rate constants that are required for calculating the 
concentrations of potential oxidants for container corrosion and (2) verifying that the 
models are properly coded into the FACSIMILE program.   
These models are continually refined and tested as more relevant experimental data 
becomes available. The model refinement activities include: (a) critical evaluation of the 
primary radiolysis yields per absorbed energy (g-values) and the rate constants of the 
elementary reactions over the temperature, pH, O2(aq) (dissolved oxygen) and [NO3−] 
ranges relevant to the applications, (b) a sensitivity analysis of the model parameters (g-
values and rate constants), and (c) comparison of model predictions against limited 
validation experiments. 
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The models at different development stages are being used to estimate the 
concentrations of key radiolytically-produced oxidants as a function of (a) pH, [O2], T and 
DR in liquid water, (b) T, DR and the gaseous concentrations of H2O, N2 and O2 in humid 
air, (c) [Cl−], pH, T and DR in highly saline groundwater. A detailed analysis of the model 
calculation results as a function of these input parameters is presented in the work chapter. 
The radiolysis kinetic modelling approach in this thesis is schematically represented in 
Figure 3.3. 
 
Figure 3.4: Schematics of Radiolysis Kinetic Models. 
  
Output
Concentrations as 
a function of time
Input
Dose Rate, Relative 
humidity, T, [O2]o, 
[Cl ]o, [NO3
 ]o
Coupled reaction rate equations are solved using 
FACSIMILE numerical integration software
In solution: H2O, Cl
 , NO3
 
In humid air: H2O, O2, N2
Primary production rate  
(g-values x ρH2O x DR )
Elementary reactions of  
radiolysis products and
Rate constants
•OH, •eaq
−, •H, H2, H2O2, HO2•, O, O3, N, etc
~700 reactions & 95 
species (involving N)
~40 subsequent H2O 
reactions & related 
equilibria
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Chapter 4 
Modelling of Radiolytic Production of HNO3 Relevant to 
Corrosion of a Used Fuel Container in Deep Geologic 
Repository Environments 
4.1  Introduction 
The possibility of localized carbon steel corrosion near the weld region and the 
general corrosion of the copper coating of the UFC new design are among the issues that 
have to be assessed carefully to ensure the integrity of the inner vessel and the adequacy of 
the copper coating for corrosion protection. Concerns arise about whether moisture trapped 
inside a UFC could condense on the internal surfaces, particularly near the CS weld 
regions. Corrosion within the gap between the hemispherical head and the body of the 
container assembly or in the stressed regions near the welds could lead to localized 
corrosion and potential failure of the container. The local environment (liquid water, water 
vapour and humid air) and the UFC metal components will be exposed to the ionizing 
radiation (particularly -radiation) emitted by the decay of radionuclides in the used fuel. 
The radiation energy absorbed by the metal is dissipated mainly as heat without inducing 
any chemical change in the metal, whereas it can induce ionization and decomposition of 
water and gas-phase molecules to yield redox-active species [1, 2]. For example, -
irradiation of water droplets would produce oxidants such as H2O2, while humid air 
radiolysis would produce NOx and HNO3 that can dissolve in the water droplets. Since the 
thinner container design will provide less shielding for -radiation, the effect of -radiation 
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on copper corrosion must be evaluated to ensure that the coating provides sufficient 
corrosion protection.   
In this chapter, the effects of radiation on container corrosion during long-term 
disposal in the anticipated deep geological repository (DGR) environments are evaluated. 
The evolution of γ-radiation dose rates for both the internal and external surfaces of the 
current UFC design are calculated. This chapter presents model calculations with a focus 
on the radiolytic production of HNO3.  A humid-air radiolysis model (HARM) is developed 
and used to calculate the time-dependent concentrations of radiolysis products formed in 
the humid air as a function of temperature, relative humidity in air and radiation dose rate.  
4.2 Dose Rates at the Internal and External Surfaces of a 
Used Fuel Container  
In these calculations only the γ-radiation from used Canada Deuterium Uranium 
(CANDU) fuel inside a container was considered, since the emitted α- and β-particles will 
be absorbed within the fuel and the fuel cladding and, hence will not contribute to either 
internal or external surface dose rates.   
Internal and external UFC surface γ-radiation dose rates as a function of storage 
time were estimated for a base case involving used fuel with a burnup of 220 MWh/kgU, 
using Microshield software (v9.05) and appropriate fluence to dose rate conversion factors 
[3]. Because the software is not designed to model non-homogeneities in the shielding 
materials, the source was represented as a single cylinder of used fuel (UO2) encapsulated 
in a layer of Zircaloy (modelled as zirconium) and the UFC was modelled as a layer of 
steel [4-6]. Moreover, MicroShield does not allow backscatter calculations (i.e., all dose 
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points must be on the exterior of the modelled geometry). Therefore, the dose rates on the 
internal surface of the container were modelled without the steel vessel and copper coating. 
As a conservative measure, these internal surface dose rates were then multiplied by 1.3 to 
account for secondary electron backscattering [7, 8].  The full details of the radiation dose 
model, including the UFC and source geometries, with further details on the calculation 
assumptions and accuracy, and the results of three cases that assess the sensitivity of the 
results to key assumptions, are provided in Appendix A.  In general, the calculated dose 
rates are very sensitive to the source parameterization and should therefore be interpreted 
with an appropriate level of uncertainty.  
The dose rates calculated at the internal and external UFC surfaces, expressed as 
absorbed dose rates in air, are presented in Table 4.1 and Figure 4.1.  For the first 500 y, 
the γ-dose rate is dominated by the decay of the fission products in the fuel and, hence, it 
decreases nearly exponentially with time.  The dose rate is subsequently dominated by the 
decay of the actinides present and decreases nearly linearly from 500 – 1,000,000 y.  The 
accumulated dose on the container surfaces is also provided for reference, although there 
is no simple relationship between accumulated dose and the extent of corrosion damage in 
a changing radiation field as claimed elsewhere [9]; see further discussion later.  In order 
to approximate the accumulated dose on each surface, the dose rate curves were fitted to 
mathematical functions (Appendix A) and then integrated.  The accumulated doses are also 
shown in Figure 4.1.  
The dose rates anticipated at the internal surface would be 20 to 25 times greater 
than those on the external surface of the container in the first 10,000 years and then only 
about 10 times greater thereafter, owing to the time-dependent change in the -radiation 
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spectrum, as described above.  The dose rate to the external surface of the thin walled 
container would decay from ~2.3 Gyh−1 to ~0.02 Gyh−1 after 200 years.
  
This is a 
significant (> 20-fold) increase in the external fields compared to those anticipated in the 
previous thick-walled container [10].  
Table 4.1: Summary of internal and external UFC surface γ-radiation dose rates.  Fuel 
age refers to the time since the fuel was removed from the reactor. 
Fuel Age 
a 
Internal Surfacea 
Gyh−1 
External Surface 
Gyh−1 
10 5.1 × 101 2.3 × 100 
20 3.4 × 101 1.4 × 100 
30 2.5 × 101 1.1 × 100 
50 1.6 × 101 6.4 × 10-1 
100 4.9 × 100 2.0 × 10-1 
200 4.8 × 10-1 2.0 × 10-2 
500 1.7 × 10-3 6.8 × 10-5 
1,000 1.2 × 10-3 4.7 × 10-5 
10,000 1.2 × 10-3 5.6 × 10-5 
100,000 1.9 × 10-3 1.4 × 10-4 
1,000,000 2.6 × 10-3 2.1 × 10-4 
aIncludes assumed contribution from back-scattered β-radiation near the internal surface. 
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Figure 4.1: Calculated dose rates (solid lines) and accumulated doses (dashed lines) 
at the internal and external surfaces of the Canadian UFC, starting with 10-year-old 
fuel. 
4.3 Modelling Approach for -Radiolytic Production of 
Oxidants  
The main objective of -radiolysis modelling is to determine the radiolytic oxidant 
concentrations that may affect the localized corrosion of the weld inside a UFC or the 
general/localized corrosion of the external copper coating.  The initial environment inside 
a sealed UFC could be humid due to the combination of the ambient humidity of the air at 
the time of container sealing and trapped water in the fuel bundles prior to encapsulation.  
For localized corrosion of the CS weld region, -radiolysis of humid air and water droplets 
are the main concern. For the external copper coating the DGR environment is predicted 
to evolve through multiple stages: (1) an initial aerated period with no condensed H2O on 
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the Cu surface, (2) a period of aerated vapour in equilibrium with a condensed H2O layer 
on the surface, (3) a transition period to fully water-saturated air and potentially oxidizing 
aqueous conditions, and (4) a final aqueous anoxic period after container corrosion and 
reactions with minerals and organic matter in the surrounding clay has consumed all of the 
available O2 [10].  
To address these different corrosion exposure environments, calculations using 
three different radiolysis kinetic models have been performed: (1) water radiolysis, (2) 
humid air radiolysis, and (3) radiolysis of highly saline water.   Each calculation determines 
the changes in radiolysis product concentrations ([i]t) as a function of time by solving the 
rate equations of all the strongly coupled reactions that describe the chemistry of the 
environment.  The processes that control the concentration of primary radiolysis product i 
under a continuous flux of radiation are:  
• the primary radiolysis process that produces i; and 
• the chemical reactions of i with itself and other chemical species, j, including other 
radiolysis products, and dissolved chemical or reactive surface species present in 
the corresponding water phase. 
The primary radiolysis processes that ionize and dissociate molecules act nearly 
instantly upon the absorption of radiation energy [11-14].  This leads to radiolysis 
decomposition products uniformly distributed within an irradiated volume within ~100 ns 
of a radiation pulse input.  The radiolysis products formed on this time scale are commonly 
referred to as primary radiolysis products whose chemical yields depend primarily on the 
total absorbed radiation energy and hence the primary radiolysis product yields are 
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expressed per unit of absorbed radiation energy, and are commonly known as g-values in 
units of molJ−1.  Because the rate of radiation energy absorption by an interacting medium 
(dose rate, DR) depends primarily on the density of the medium, the dose rate is typically 
expressed per unit mass in units of Gy (Jkg−1)).  For example, the g-values for liquid water 
radiolysis at room temperature are given in brackets in reaction (R 4.1) [11, 15]: 
H2O(liq.)    •OH(0.26), •eaq
–(0.26), •H(0.06), H2(0.045), H2O2(0.075),   
                             H+(0.26)       (R 4.1) 
For analysis of the radiolysis product concentrations on the time scale of corrosion 
reactions (> 1 ms), modelling of the detailed kinetics of the radiolysis processes at very 
short time scales (< 1 s) is not necessary.  Thus, the production rate of a given primary 
radiolysis product can be simplified to a rate proportional to its g-value (gi), DR, and the 
density of the medium, W:  
𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒,
𝑑[𝑖]
𝑑𝑡
= 10−6  ∙ 𝑔i ∙ 𝐷𝑅 ∙ 𝜌𝑤     (Eq. 4.1) 
where [i] is the concentration of species, i, in units of M (moldm-3). 
However, the primary radiolysis products are reactive and rapidly undergo 
chemical reactions with each other, with water and its acid and base ions, and with solute 
species, producing secondary radiolysis products (such as O2, O2− and HO2).  Due to the 
long penetration depth of a typical -ray (~20 cm for a half reduction in intensity in liquid 
water), the radiolysis products are created uniformly within a reasonably large volume of 
water.  A consequence is that the concentration of a reactive species in the bulk phase is 
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determined by a combination of the rates of primary radiolysis production and the chemical 
reactions of the species in solution:   
𝑑[𝑖]𝑡
𝑑𝑡
|
𝑛𝑒𝑡
≈ 10−6 ∙  𝑔i ∙ 𝐷𝑅 ∙ 𝜌𝑤 − (∑ 𝑘𝑖𝑗 ∙ [𝑗]𝑡𝑗 ) ∙ [𝑖]𝑡                                   (Eq. 4.2) 
where 𝑘𝑖𝑗 represents the rate constant of the chemical reaction between species i and j.  
Note that for a primary radiolysis product the rate of any secondary production of this 
species via chemical reactions is typically negligible compared to the rate of the primary 
radiolysis process.  The complex chemical kinetics involving many chemical species with 
strongly coupled reactions are solved numerically using commercially available software.  
 Specific models and the model calculation results that address the -radiolysis 
kinetics of liquid water containing dissolved oxygen, nitrate/nitrate, organic compounds 
(e.g., methyl ethyl ketone) and dissolved ferrous ions at a concentration level below < 
0.01 moldm−3 have been reported elsewhere [16-18].  This chapter focuses on HNO3 
production by humid-air radiolysis.  
4.4 Nitric Acid Production by Humid Air Radiolysis 
4.4.1 Homogeneous Radiolytic Production of HNO3 in the Gas Phase 
Humid air radiolysis produces nitric acid [19-21].  The HNO3 formed in the gas 
phase will be continually absorbed into the condensed water droplets in contact with the 
humid air.  This will lower the pH of the water in the droplet and increase the concentration 
of nitrate, a potential oxidant for carbon steel and copper.  The homogeneous radiolytic 
production of HNO3 in the gas phase (HNO3(g)) is described first.  Section 4.4.2 describes 
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how the production rate in the gas phase may be used to estimate the production rate of 
HNO3 in a water droplet (HNO3(aq)).  Section 4.4.3 describes how it may be used in 
obtaining the upper bounding estimate for the extent of corrosion that can occur due to the 
radiolytic production of HNO3 over the disposal period, and how the radiolytic production 
rate of HNO3 could be incorporated in a corrosion model.   A simple practical solution is 
also offered in the last section (4.4.4) to accurately estimate HNO3 with changing dose rate 
over time. 
To calculate the production rate of HNO3(g) by humid air radiolysis and its rate of 
accumulation in condensed water droplets, a humid air radiolysis model (HARM) has been 
constructed.  The model is based primarily on the reaction set initially reported by Matzing 
and later modified by others [22-24].  For humid air radiolysis the absorption of radiation 
energy by the three main components of air (N2, O2 and H2O) results in the formation of a 
range of primary products that include electronically excited (indicated by *) and ionized 
molecules, ions and free radicals [25]. 
N2(g)     •N2
+(g), N+(g), e−(g), •N(g), N2
*(g)  (R 4.2) 
O2(g)     •O2
+(g), •O+(g), e−(g), O(g), O2
*(g) (R 4.3) 
H2O(g)     H2O•
+(g), H2(g), O(g), •OH(g), H(g), •O
+(g), e−(g), H+(g), OH+(g)
  
   (R 4.4) 
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 The current version of HARM consists of the primary radiolytic production processes 
and about 730 chemical reactions involving 25 primary radiolysis products and 95 
secondary species.  
The HARM model was used to calculate the radiolytic production rate of HNO3 in 
the gas phase as a function of dose rate (DR), relative humidity (RH) and temperature (T).  
The calculation results obtained as a function of RH at 75 oC and a dose rate of 1 Gy‧h−1 
are presented in Figure 4.2. The key species formed by the radiolysis of dry air (0% 
RH/Air) are NO2, N2O, N2O5, O3 and NO3.  The model predicts the buildup of ozone first 
(at irradiation time, trad, ≤ 10−
3 h).  This is reasonable since the ionization potential of O2 is 
lower than that of N2 it can be easily ionized according to Reaction 4.3 where the products 
are precursors to ozone formation.  The concentrations of N2O and NO2 start to accumulate 
at trad ≥ 10−
3 h followed by the buildup of NO3 and N2O5 at trad ≥ 1 h.  At longer times trad ≥ 
10 h the concentrations of O3 and NO3 decrease since these species are being used to form 
NO2 and N2O5. The gas-phase reactions occur at a slower rate compared to related reactions 
in the liquid phase and the system requires more time to reach steady-state than is normally 
seen in water radiolysis.  Figure 4.2 shows that the system has not reached steady state 
even after 103 h of irradiation. 
The radiolysis of the nitrogen-oxygen system has been extensively studied by 
Harteck and Dondes [26-30], Dmitriev et al. [31-33] and Willis et al. [23].  Radiolysis of 
nitrogen and oxygen generates active species such as ions, excited molecules and ions as 
shown in reactions (R 4.2) and (R 4.3).  Among these species, O and N atoms are reported 
to be predominant reactive species. There are two general mechanisms proposed for the 
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oxidation of nitrogen. First is the ionic mechanism proposed by Pshezhetsky and Dmitriev 
that converts charged nitrogen species into NO2 as described in reactions below (R 4.5 – R 
4.8) [31-33]. Some of these reactions are a three-body reaction that involves a reaction of 
two species to yield one single product. This kind of reaction oftentimes requires a third 
body, M, that stabilizes the product formed. The third body is any inert molecule (generally 
the N2 in the atmosphere) that can absorb the excess energy from the product and eventually 
dissipate it as heat [34]. 
 •N2
+ + O2 → NO
+ + •NO (R 4.5) 
 (•N2
+)* + O2 →NO2
+ + •N  (R 4.6) 
 •N + O2 → •NO + O (R 4.7) 
 •N + O2 + M → •NO2 + M  (R 4.8) 
 Second is the free radical mechanism proposed by Harteck and Dondes as shown 
in reactions (R 4.9 – R 4.18) [26-30]. Reactive radical species presented here are denoted 
by • on their chemical symbol. Although O2 is biradical, it is not as reactive and is in fact 
a stable molecule (relative to other radical species), hence, the radical symbols are not 
shown with O2. 
•N + O2   →  •NO + O        (R 4.9) 
2 •NO + O2  →  2 •NO2                           (R 4.10) 
•N + •NO2    →  2 •NO                 (R 4.11) 
•N + •NO2  →  N2O + O                  (R 4.12) 
•N + •NO2   →  2 O + N2                 (R 4.13) 
•N + •NO    →  O + N2                     (R 4.14) 
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O + O2 + O2  →  O3 + O2                  (R 4.15) 
•NO2 + O + M →  •NO3 + M                (R 4.16) 
•NO2 + •NO3 + M →  N2O5 + M               (R 4.17) 
•NO + O3   →  •NO2 + O2                      (R 4.18) 
When water vapour is present (as little as 10% RH), the system becomes more 
complicated due to the formation of the water radiolysis products (H2, H2O2, •HO2, and 
•OH) and additional nitrogen species (HNO3, HNO2 and peroxy nitric acid HO2NO2). In 
the presence of moisture, the H2O2 and NO2 follow a similar trend.  The behaviour of water 
radiolysis products is similar for 10 and 85 % RH.  Comparison of the radiolytically 
produced HNO3 and the sum of the N species in both 10% and 85% RH air indicates that 
the main processes in the humid air radiolysis product is the production of HNO3 
Figure 4.2. Hydrogen peroxide is also formed as a secondary product via •OH reaction (R 
4.19). Its concentration is not significant because the concentration of •OH is affected by 
its reaction with NO and NO2 to form HNO2 and HNO3, respectively (R 4.21 and R 4.22). 
 •OH + •OH → H2O2                  (R 4.19) 
 Both species •OH and •HO2 reaches pseudo steady-state at trad ≥ 10
-3 h.  As mentioned 
earlier, production of HNO3 is the main process in humid air radiolysis.  The HNO3 are 
produced by the reactions of NO and NO2 with •OH as described below: 
 •NO + •HO2    →   •NO2 + •OH (R 4.20) 
 •NO + •OH + M   →   HNO2 + M   (R 4.21) 
 •NO2 + •OH + M  →   HNO3 + M  (R 4.22) 
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Figure 4.2: Time evolution of the concentrations of key radiolysis products formed 
during -radiolysis of 0, 10% and 85% RH air at 75 oC and a dose rate of 1 Gyh−1. 
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Detailed kinetic analysis of the modelling results suggests that the precursors for 
HNO3(g) production are •OH(g) and NO2(g), where NO2(g) is a secondary product of the 
-radiolysis of air: 
•OH(g)  +  •NO2(g)   →→  HNO3(g)                          (R 4.23) 
The computational calculation results show that at a given DR and a given RH and 
temperature, the concentration of •OH(g) at times shorter than a second (or < 10-3 h) 
increases linearly with time (i.e., the slope of the log [•OH(g)] vs log t plot is 1.0).  This 
linear increase in [•OH(g)]t with time is expected because the main process controlling 
[•OH(g)]t at times shorter than 1 s is the primary radiolytic production: 
𝑑[•OH(g)]
𝑑𝑡
≈ 10−6  ∙ 𝑔•OH ∙ 𝐷𝑅 ∙ 𝜌𝑤 (Eq. 4.3) 
[•OH(g)] ≈ 10−6  ∙ 𝑔•OH ∙ 𝐷𝑅 ∙ 𝜌𝑤 ∙ 𝑡 (Eq. 4.4) 
 The overall production rate for the secondary radiolysis product, •NO2, is initially 
low, but rapidly increases and [•NO2(g)]t becomes comparable with those of other 
radiolysis products in 10-3 h or ~4 s.  The rate of the reaction of •NO2(g) with •OH(g) 
becomes significant and can compete with other •OH(g) reactions, particularly that of 
H2O2(g).  Note that H2O2(g) is also a secondary product of humid air radiolysis (formed by 
multi-step reactions of •OH(g) and •HO2(g) [22-24]).  When the concentrations of 
secondary products (•NO2(g) and H2O2(g)) reach high levels, they can react with •OH(g) 
at substantial rates.  The overall production rates of H2O2(g) and NO2(g) slow down and 
that of •OH(g) becomes approximately zero.  These kinetic progressions of [•OH(g)]t, 
[H2O2(g)]t and [NO2(g)]t can be observed in Figure 4.2. As [H2O2(g)]t and [NO2(g)]t reach 
77 
 
 
 
about 10−13 moldm−3, [•OH(g)]t starts to deviate from linear dependence on time and 
reaches near steady state. 
The full model calculation results (Figure 4.2) show that the overall production rate 
for HNO3(g) at times longer than a minute is mainly determined by the primary radiolytic 
production of •OH(g) and the competition rates for •OH(g) between •NO2(g) and H2O2(g).  
That is, the overall radiolytic production of HNO3(g) at times longer than a minute can be 
approximated as:   
 
𝑑[HNO3(g)]𝑡
𝑑𝑡
≈ 𝑓𝑁𝑂2−𝑂𝐻 ∙
𝑑[•OH(g)]𝑡
𝑑𝑡
  (Eq. 4.5) 
 
𝑑[HNO3(g)]𝑡
𝑑𝑡
≈ 𝑓𝑁𝑂2−𝑂𝐻 ∙ 10
−6  ∙ 𝑔•OH(g) ∙ 𝐷𝑅 ∙ 𝜌𝑤 (Eq. 4.6) 
 𝑓𝑁𝑂2−𝑂𝐻 ≈
𝑘𝑁𝑂2−𝑂𝐻∙[NO2]𝑡
(∑ 𝑘𝑗−𝑂𝐻∙[𝑗]𝑡𝑗 )
≈
𝑘𝑁𝑂2−𝑂𝐻∙[NO2]𝑡
𝑘𝑁𝑂2−𝑂𝐻∙[NO2]𝑡+𝑘𝐻2𝑂2−𝑂𝐻∙[H2O2]𝑡
  for t > 1 min  
  (Eq. 4.7) 
where  𝑓𝑁𝑂2−𝑂𝐻 is the fraction of •OH(g) reactions leading to the formation of HNO3(g), 
and 𝑘𝑗−𝑂𝐻 represents the rate constant of the chemical reaction between species j and 
•OH(g).      
 The fraction, 𝑓𝑁𝑂2−𝑂𝐻, changes rapidly with time at earlier period, but later on the 
change becomes much slower.  Thus, for a given DR, RH and temperature, Eq. 4.7 shows 
that the overall production rate of [HNO3(g)]t can be approximated as: 
 [HNO3(g)]𝑡 ≈ 𝑓𝑁𝑂2−𝑂𝐻 ∙ 10
−6  ∙ 𝑔•OH(g) ∙ 𝐷𝑅 ∙ 𝜌𝑤 ∙ 𝑡 (Eq. 4.8) 
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 Because of the competition between the reactions of •OH(g) with •NO2(g) and 
H2O2(g), the overall production rate of HNO3(g) has a small dependence on RH at a given 
temperature and DR.  The model calculations performed as a function of RH at 75 
oC show 
that 𝑓𝑁𝑂2−𝑂𝐻 at times longer than 1 min is nearly 1.0 at 10% RH.  As the humidity level 
([H2O(g)]) increases while the concentrations of air molecules ([N2(g)] and [O2(g)]) remain 
constant, the primary radiolytic production of •OH(g) increases due to an increase in 𝜌𝑤.  
However, the production of H2O2(g) also increases due to higher production of •OH(g) and 
•HO2(g) (via •H + O2).  On the other hand, [H2O(g)] has a negligible effect on •NO2(g) 
production.   
 The overall effect of RH on 𝑓𝑁𝑂2−𝑂𝐻 ∙ 𝜌𝑤 at times > 1 min is thus relatively small.  
The plot of log [HNO3(g)]t vs. log t (Figure 4.3) is shifted by log (½ RH), showing that the 
overall production rate of HNO3(g) decreases by about a factor of ½ RH. 
 
Figure 4.3: Time evolutions of [HNO3(g)] produced by -radiolysis of air for 
different RHs at 75 oC and at dose rate of 1 Gyh−1. 
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 Equation 4.8 shows that the overall production rate of [HNO3(g)]t is proportional 
to dose rate for a given RH and temperature which is consistent with computational 
modelling results.  The time evolutions of [HNO3(g)]t calculated for -radiolysis of 85% 
RH air at 75 oC and different dose rates (0.01 Gyh−1 to 10 Gyh−1) are compared in Figure 
4.4.  The computational modelling results show that the linear plot of log [HNO3(g)]t vs 
log t also shifts to a higher [HNO3(g)]t proportionally to log (DR), confirming the linear 
dependence of [HNO3(g)]t on DR as defined in Eq. 4.8.  That is, the rate of production of 
HNO3(g), and [HNO3(g)]t at a given t, increase proportionally with DR.  
 
Figure 4.4:   Time evolutions of [HNO3(g)] produced by -radiolysis of 85% RH air 
at 75 oC at different dose rates. 
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4.4.2 Aqueous Concentrations of HNO3 in Water Droplets 
As noted earlier, the calculations presented in Figures 4.2 to 4.4 do not take into 
account any adsorption or surface reactions involving the radiolysis products.  
Furthermore, the calculated concentrations are those in the gas phase.  For the degradation 
of metal, aqueous corrosion is the main concern.  Thus, for corrosion of the carbon steel 
inner vessel and the copper coating of the container, the main concern is the HNO3 turning 
into droplets on the container surfaces which can then participate in the electrochemical 
reactions associated with aqueous corrosion.  Aqueous nitric acid is formed by HNO3(g) 
condensation on the surface. This process is an induced nucleation phenomenon promoted 
by HNO3 vapour acting as nuclei for condensation and arises when the temperature of the 
system is below the dew point of HNO3. In the calculation performed applying the DGR 
conditions, HNO3 production in the gas phase is low therefore the HNO3(aq) in the droplet 
is expected to be not as concentrated as it would normally be observed in previous HNO3 
condensation studies [35, 36]. The initially formed droplet will be open for more absorption 
of HNO3 as it is continuously produced during humid air radiolysis. 
The water in the droplets (that also have small amounts of HNO3 from the 
nucleation) will also be subject to radiolysis, but -radiolysis of liquid water will not 
produce more HNO3.  Thus, the main route for the production of HNO3(aq) in a water 
droplet in contact with humid air in the presence of a continuous flux of -radiation is the 
deposition of HNO3(g) formed in the gas phase by humid-air radiolysis.      
Accurate modelling of [HNO3(aq)]t in water droplets will require solving the 
kinetic equations of liquid water radiolysis coupled with humid-air radiolysis, via gas-
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liquid interfacial transfer of radiolysis products and its consumption due to corrosion.  The 
accurate modelling of [HNO3(aq)]t in the water droplets that may form on the Cu coated 
container surface under DGR conditions is futile and impractical because of an infinite 
number of combinations of water droplet and headspace geometries.  However, we can 
obtain bounding estimates for [HNO3(aq)]t in a water droplet in order to predict the 
corrosion behaviour of a waste container. This section explores these bounding estimates.  
The production rate of HNO3(aq) in a water droplet is determined by the deposition 
rate of HNO3(g) formed by humid-air radiolysis onto the water droplet surface 
(𝑘𝑎𝑑 ∙  [HNO3(g)]). This deposition rate increases with [HNO3(g)]t.  The maximum 
[HNO3(g)]t can be achieved when the removal rate of HNO3(g) by the gas-phase chemical 
reactions of HNO3(g) ((∑ 𝑘𝑗−𝐻𝑁𝑂3 ∙ [𝑗]𝑡𝑗 ) ∙ [HNO3(g)]𝑡) is negligible, i.e., 
𝑘𝑎𝑑 ∙  [HNO3(g)]  > (∑ 𝑘𝑗−𝐻𝑁𝑂3 ∙ [𝑗]𝑡𝑗 ) ∙ [HNO3(g)]𝑡            (Eq. 4.9) 
where 𝑘𝑗−𝐻𝑁𝑂3 represents the rate constant of the chemical reaction between species j and 
HNO3. 
 The rate equation for [HNO3(g)]t when the deposition rate becomes significant can 
then be approximated as: 
 
𝑑[HNO3(g)]𝑡
𝑑𝑡
≈  𝑓𝑁𝑂2−𝑂𝐻 ∙ 10
−6  ∙ 𝑔•OH(g) ∙ 𝐷𝑅 ∙ 𝜌𝑤 − 𝑘𝑎𝑑 ∙  [HNO3(g)]𝑡 (Eq. 4.10)    
 𝑘𝑎𝑑 = 𝑎𝑑 ∙ (
𝐴𝑎𝑞−𝑔
𝑉𝑔
) (Eq. 4.11) 
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where kad represents the first-order adsorption rate constant in unit of s−
1 and it depends on 
the ratio of water-gas interfacial surface area (Aaq−g) to gas volume (Vg) and the deposition 
velocity (νad).   
 The deposition velocity is related to the individual mass transfer coefficients in gas 
and aqueous phase by the expression: 
𝑎𝑑 ≈  
𝐷𝑎𝑞
𝐻𝑁𝑂3
𝜕𝑎𝑞
 +  
𝐷𝑔
𝐻𝑁𝑂3
𝜕𝑔∙𝐾𝑝
𝐻𝑁𝑂3
              (Eq. 4.12) 
where  
𝐷𝑎𝑞
𝐻𝑁𝑂3 = diffusion coefficient of HNO3 in the aqueous phase 
𝐷𝑔
𝐻𝑁𝑂3 = diffusion coefficient of HNO3 in the gas phase 
𝜕𝑎𝑞 , 𝜕𝑔 = are the hypothetical aqueous- and gas-phase boundary layer thickness 
𝐾𝑝
𝐻𝑁𝑂3 = partition coefficient of HNO3 between the gas and aqueous phase 
Because 𝑎𝑑 is a function of 𝜕𝑎𝑞 , 𝜕𝑔 and 𝐾𝑝
𝐻𝑁𝑂3, it will depend on the surface area 
to volume ratio of the water droplet. In the DGR environments, the water droplet sizes will 
vary with time and space across the UFC container surface. This makes the use of the 
transport flux equation impractical for copper corrosion in the anticipated DGR conditions.  
Nevertheless, we can perform bounding estimation for the impact of HNO3 
produced in the gas phase by humid-air radiolysis on aqueous corrosion of copper. 
HNO3(g) is produced homogeneously in the gas phase at a constant rate. As it is produced 
in the gas phase, HNO3(g) continuously diffuse and adsorbed on any surfaces, including 
the surface of a water droplet. For corrosion, the main concern is the HNO3 that can reach 
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the surface of copper submerged under the water droplet. HNO3 is miscible in water and 
the HNO3(g) that has diffused to the water droplet surface would be quickly absorbed. The 
absorbed HNO3(aq) (H
+ + NO3−) then diffuse to the copper surface where it reduces 
electrochemically by coupling with copper oxidation. The maximum copper corrosion rate 
by radiolytically produced HNO3 is then limited by the overall transport rate (mass flux) 
of HNO3 from the gas phase to the copper surface. The maximum overall mass transport 
rate can be obtained assuming that all of HNO3(g) within the distance from the water 
droplet surface that is proportional to the ratio of the 1st-order mass transport rate 
coefficients in the gas and the solution phases.  
Under stagnant conditions, the ratio of the mass transport coefficient is proportional 
to √𝐷𝑔
𝐻𝑁𝑂3 √𝐷𝑎𝑞
𝐻𝑁𝑂3⁄ . This allows us to determine the maximum rate of HNO3(aq) 
production as a function of radiolytic production of HNO3(g), irrespective of water droplet 
size: 
 
𝑑[HNO3(aq)]𝑡
𝑑𝑡
|
𝑚𝑎𝑥
=
√𝐷𝑔
𝐻𝑁𝑂3
√𝐷𝑎𝑞
𝐻𝑁𝑂3
∙  
𝑑[HNO3(g)]𝑡
𝑑𝑡
                                                         (Eq.4.13)  
Earlier we have shown that the radiolytic production of HNO3(g) can be approximated by: 
 
𝑑[HNO3(g)]𝑡
𝑑𝑡
≤ 10−6  ∙ 𝑔•OH(g) ∙ 𝐷𝑅 ∙ 𝜌𝑤  (Eq. 4.14) 
Note that the 𝑓𝑁𝑂2−𝑂𝐻 was removed from the equation since we assume this is equal to 1.0 
to give us the maximum HNO3. 
The maximum production rate for [HNO3(aq)]t in a water droplet is then further simplified 
to: 
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𝑑[HNO3(aq)]𝑡
𝑑𝑡
|
𝑚𝑎𝑥
=
√𝐷𝑔
𝐻𝑁𝑂3
√𝐷𝑎𝑞
𝐻𝑁𝑂3
∙  10−6  ∙ 𝑔•OH(g) ∙ 𝐷𝑅 ∙ 𝜌𝑤 (Eq. 4.15) 
Assuming the HNO3 absorbed in the water droplet is accumulated over time t,  
 [HNO3(aq)]𝑡|𝑚𝑎𝑥 =
√𝐷𝑔
𝐻𝑁𝑂3
√𝐷𝑎𝑞
𝐻𝑁𝑂3
∙   10−6  ∙ 𝑔•OH(g) ∙ 𝐷𝑅 ∙ 𝜌𝑤 ∙ 𝑡 (Eq. 4.16) 
Thus, at a given dose rate, RH and T, the maximum [HNO3(aq)]t in a water droplet will 
increase proportionally with the ratio of √𝐷𝑔
𝐻𝑁𝑂3 √𝐷𝑎𝑞
𝐻𝑁𝑂3⁄ .  
   The current version of HARM calculates that the production rate of HNO3(g) in the 
gas phase at 85% RH and 75 oC would be about 2.0  10−10 moldm−3h−1 at a dose rate of 
1 Gyh−1. The diffusion coefficients of HNO3 (and other NOx species) in the gas phase and 
in water are not well established. However, the diffusion coefficients of most of chemical 
compounds in the gas phase are about 10,000 times greater than those in the solution phase 
[37].  Hence, we used √𝐷𝑔
𝐻𝑁𝑂3 √𝐷𝑎𝑞
𝐻𝑁𝑂3⁄ = 100 to determine [HNO3(aq)]𝑡|𝑚𝑎𝑥 using 
Eq. 4.16.     
Using the production rate for HNO3(g) (~2.0  10−
10 moldm−3h−1), we can estimate 
how much HNO3(g) would have been produced after 100 years at a constant dose rate of 
1 Gyh−1. The accumulated HNO3(g) in 100 years is calculated to be about 0.2 mmoldm−
3.  
The dose rate at the external surface of the container is calculated to decrease from 2.3 
Gyh−1 to 0.2 Gyh−1 in 100 years (Figure 4.1). After 100 years the dose rate decreases more 
rapidly and decreases to a value below 0.1 mGyh−1 in 400 years. At times after 100 years, 
85 
 
 
 
therefore, the radiolytic production rate of HNO3(aq) would be significantly lower. This 
simple analysis suggests that the [HNO3(g)] that would accumulate over the full waste 
disposal period even at worst-case scenario would be less than 1 mmoldm−3. The amount 
of HNO3(aq) will be the amount of HNO3(g) produced radiolytically within a gas volume 
100 times larger than the volume of a droplet that is absorbed in the droplet. 
4.4.3 Bounding Estimates for Corrosion Extents by Radiolytically 
Produced HNO3  
The rate of metal corrosion depends on many environmental parameters including 
solution pH, temperature, and redox conditions.  The rate of corrosion also tends to evolve 
with time, even under constant exposure conditions, because the metal surface changes as 
corrosion progress.  Efforts are underway to develop detailed models of the corrosion of 
the container materials, but using these models at this point to predict an exact corrosion 
allowance would be premature.  However, the upper limit for the extent of copper corrosion 
due to radiolytically produced HNO3 can be estimated.  By simple mass balance analysis 
we can estimate how much Cu would be corroded by HNO3. Assuming corrosion of copper 
produces two possible copper cations:  
2 Cu0 + NO3− + 2 H
+  →  2 Cu+(aq) + H2O + NO2−  →  Cu2O(s) + NO2− + 2 H
+      
 (R 4.24)  
Cu0 + NO3− + 2 H
+  →  Cu2+(aq) + H2O + NO2−      (R 4.25)  
A maximum concentration of dissolved metal ions in the water droplet would occur 
if corrosion resulted exclusively in the formation of Cu+ (R 4.24). This concentration would 
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be twice the [HNO3(aq)]t accumulated in the water droplet if HNO3(aq) did not undergo 
any solution or corrosion reactions.    
Assuming the volume ratio of air to droplet is about 100, the maximum cumulative 
nitric acid concentration over the permanent disposal period, [HNO3(aq)]∞, would be less 
than 100 mmoldm−3.  Using this concentration and a hemispherical droplet geometry 
illustrated in Figure 4.5, the upper limit to the depth of copper corrosion, dCu, can be 
calculated to be:  
𝑑𝐶𝑢 =
𝑀𝐶𝑢∙2 [HNO3(aq)]∞∙V𝑎𝑞
𝜌𝐶𝑢∙𝐴𝑖𝑛𝑡
 (Eq. 4.17) 
where 𝑀𝐶𝑢 is the atomic mass of Cu (63.55 gmol
−1), 𝜌𝐶𝑢 is the density of copper metal 
(8.96 gcm−3), and 𝑎𝑛𝑑 𝐴𝑖𝑛𝑡 is the interfacial surface area covered by a droplet.   
For a droplet with a radius of 1 cm and the [HNO3(aq)]∞ of 100 mmoldm
−3, the 
depth of copper corrosion by radiolytically produced HNO3 over the permanent disposal 
period would be: 
dCu   9.4 m (Eq. 4.18) 
This value was obtained assuming that all of the HNO3(g) produced radiolytically 
within a gas volume 100 times larger than the volume of a water droplet is absorbed in the 
droplet. For a given volume ratio the corrosion depth would increase with water droplet 
radius.  If the air volume is fixed, the [HNO3(aq)] would increase with decreasing water 
droplet radius.  However, decreasing the water droplet radius also decreases the water 
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droplet volume.  The net effect of water droplet radius, r, on corrosion depth is that dCu is 
inversely proportional to r2. 
 
Figure 4.5: Schematics of (a) radiolytic and overall corrosion reactions, and (b) 
geometric parameters used in calculating corrosion depth. 
Other work suggested that it is •OH and not HNO3 that is the dominant species that 
causes copper corrosion in the presence of radiation [41].  The mechanism by which humid 
air radiolysis affects copper corrosion requires an in-depth discussion that is beyond the 
scope of this chapter.  Irrespective of whether •OH or HNO3 is the dominant species driving 
corrosion, the estimate that we obtained for corrosion depth should still be bounding 
because it assumes that all the •OH produced by the primary radiolysis process would 
eventually produce HNO3 and that all of this HNO3 would be consumed in corroding 
copper.  However, it should be emphasized that this corrosion estimate does not take into 
account any radiolysis of water droplets.  Radiolysis of liquid water produces H2O2 and O2 
that will contribute to copper corrosion more effectively than •OH.  Modelling of the 
N2(g), O2(g), H2O(g) HNO3(g)
2 Cu0
2 Cu+ 2 e−
NO3
− + 2 H+ NO2
− + H2O

Vaq = 2/3 r
3
Vg = 100 Vaq
[HNO3] = 100 mM
Cu+ (mol) ≈ 132 µM r3
dCu 9.4 m
a) b)
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radiolysis of liquid water with the integration of HNO3 production from HARM is 
presented in the next chapter of this thesis.  
4.4.4 Practical Estimates for the Maximum HNO3 Production Over the 
Disposal Period 
The previous section conservatively estimates the maximum quantity of HNO3(g) 
that can be produced outside the UFC using a single dose rate.  Another simple method can 
be used to account for the decreasing dose rate over time in the calculation.  It was 
established earlier in Figure 4.4 that [HNO3(g)] has a linear relationship with dose rate. 
The data in Figure 4.4 can, therefore, be transformed to give HNO3(g) production rate 
versus dose rate, as presented in Figure 4.6.   
For example, at the internal surface of the UFC, where the given dose rate is higher 
the HNO3(g) production rate can be approximated as: 
 
𝑑[HNO3(g)]
𝑑𝑡
≈  2 × 10−10  ∙ 𝐷𝑅 + 3 × 10
−11 (Eq. 4.19) 
This new equation incorporates the effect of the decrease in the dose rate over time 
on the rate of production of HNO3(g).  For this calculation, the dose rates for the first 500 y, 
where the DR decreases exponentially with time, were used.  Figure 4.7 is a re-plot of 
Figure 4.1 showing the corresponding line equations of the calculated dose rate as a 
function of fuel age.  This period is dominated mainly by the decay of the fission products 
in the fuel.  The DR after 500 y is significantly lower and remains almost constant with 
time.  The DR equation (Eq. 4.20) derived from Figure 4.7 is then combined with the 
HNO3(g) production rate equation: 
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 𝐷𝑅 ≈  46.414 𝑒
−0.021 ∙ 𝑡 (Eq. 4.20) 
 
𝑑[HNO3(g)]
𝑑𝑡
≈  2 × 10−10  ∙ 46.414 𝑒−0.021 ∙ 𝑡 + 3 × 10−11 (Eq. 4.21) 
 
Figure 4.6:   Nitric acid production rate as a function of dose rate. 
 
Figure 4.7:   Calculated dose rates at the internal and external surfaces of the UFC 
versus fuel age. 
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Equation 4.20 is then solved as a differential equation and the solutions are shown 
as follows: 
 ∫ 𝑑[HNO3(g)]
𝑡
𝑡0
≈  ∫ 2 × 10−10  ∙ 46.414 𝑒−0.021 ∙ 𝑡  ∙ 𝑑𝑡
𝑡
𝑡0
 + ∫ 3 × 10−11 ∙ 𝑑𝑡
𝑡
𝑡0
   
   (Eq. 4.22) 
 [HNO3(g)]𝑡 ≈  
2×10−10 ∙46.414 𝑒−0.021 ∙ 𝑡
−0.021
  −  
2×10−10 ∙46.414 𝑒−0.021 ∙ 𝑡0
−0.021
+ 3 × 10−11 ∙
      𝑡   −  3 × 10−11 ∙ 𝑡0 (Eq. 4.23) 
The full model calculation results earlier in this chapter showed that the overall 
production rate for HNO3(g) is primarily determined by the primary radiolytic production 
of •OH(g) and the competition rates for •OH(g) between •NO2(g) and H2O2(g).  It was 
suggested that the overall radiolytic production of HNO3(g) can be approximated as:   
 
𝑑[HNO3(g)]𝑡
𝑑𝑡
≈ 𝑓𝑁𝑂2−𝑂𝐻 ∙
𝑑[•OH(g)]𝑡
𝑑𝑡
  (Eq. 4.5) 
 
𝑑[HNO3(g)]𝑡
𝑑𝑡
≈ 𝑓𝑁𝑂2−𝑂𝐻 ∙ 10
−6  ∙ 𝑔•OH(g) ∙ 𝐷𝑅 ∙ 𝜌𝑤 (Eq. 4.6) 
Assuming that primary radiolytic production of •OH(g) is the main path for 
HNO3(g) production then the value of the fraction fNO2-OH is 1.  By incorporating Eq 4.20 
into Eq 4.6, the HNO3(g) that can be produced with the dose rates expected over the 
disposal period can be approximated.  The calculated results for both solutions using Eq. 
4.6 and Eq. 4.20 are compared in Figure 4.8.  The concentrations presented are the 
accumulated HNO3(g) with decreasing DR.  The nitric acid concentration obtained from 
primary •OH production is the maximum HNO3(g) concentration that can be produced at 
the given dose rates.  The HNO3(g) concentration obtained from the full model 
extrapolation is ~20% less than that of the primary •OH path.  This is not surprising because 
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•OH is highly reactive and it is expected that the other ~20% is being consumed by other 
reactions.  This calculation exercise shows just that the approximate solution using the 
primary product •OH(g) can be used to conservatively estimate the HNO3(g) concentration.  
Thus, Eq. 4.6 provides a simplified formula for determining the HNO3(g) concentration 
without performing radiolysis kinetics modelling.    
 
Figure 4.8:   Dose rate and the full-model prediction of radiolytically produced 
HNO3(g) compared to calculated HNO3(g) using the proposed simplified rate 
formula as a function of fuel age. 
4.5 Conclusions 
The γ-radiation dose rates at the internal and external surfaces of a Canadian 
copper-coated UFC were calculated using MicroShieldv9.05. As the used fuel ages from 
10 a to 106 a, the internal and surface dose rates decline from 51 Gyh−1 to 2.6 mGyh−1 and 
from 2.3 Gyh−1 to 0.21 mGyh−1, respectively. Radiolysis of dry air initially produces 
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O3(g) and later NOx(g) at longer irradiation times. In humid air, radiolysis initially produces 
•OH which can then react with air molecules and their decomposition products to produce 
nitric acid.   The relative humidity (10 - 80 %) has no significant effect on the rate of HNO3 
production. The HNO3 production rate in a condensed water droplet formed on a container 
surface was conservatively estimated by assuming that all the •OH produced by primary 
radiolytic processes was immediately converted to HNO3 in the gas phase and that all of 
the HNO3 was absorbed in the water droplet.  The corrosion depth of the copper coating 
induced by humid air radiolysis is conservatively estimated to be 9.4 μm over the 
permanent storage time, using a hemispherical water droplet geometry and assuming that 
all of the HNO3 absorbed in the water droplet is consumed in corroding copper.  An 
approximate analytical solution for estimating HNO3 using HARM was also proposed.  It 
is much simpler to apply, not requiring the use of a modelling program. 
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Chapter 5 
Kinetics of Water Radiolysis: The Effect of pH, O2 and 
Nitrate 
5.1 Introduction 
The containers designed for long-term storage or permanent disposal of used 
nuclear fuel in the DGR will be exposed to a wide range of corrosion environments. The 
external container surface will experience a sequence but not necessarily distinct stages: 
(1) an initial aerated period with no condensed H2O on the Cu surface, (2) a period of 
aerated vapour in equilibrium with a condensed H2O layer on the surface, (3) a transition 
period to fully water-saturated air and potentially oxidizing aqueous conditions, and (4) a 
final aqueous anoxic period after container corrosion and reactions with minerals and 
organic matter in the surrounding clay has consumed all of the available O2 [1].  The inner 
container surface will also have condensed water resulting from the moisture trapped inside 
the fuel container upon sealing [2]. 
The radiolysis kinetics of humid air and the potential effects of humid-air radiolysis 
on UFC corrosion were discussed in Chapter 4. In this chapter, the radiolysis kinetics of 
condensed water is investigated to determine the concentrations of oxidants important for 
the UFC corrosion. The main focus of the water radiolysis kinetic study is to investigate 
the effects of the concentrations of O2 and NO3− on the radiolytic production of the 
oxidants, where NO3− is produced by humid-air radiolysis and then introduced into the 
condensed water. The effect of chloride concentration on water radiolysis that is more 
relevant to UFC corrosion exposed to groundwaters is discussed in the next chapter. 
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 We have previously reported on chemical kinetic models for various aqueous 
solutions exposed to a continuous flux of -radiation that have successfully simulated the 
observed time-dependent concentrations of H2 and H2O2. These include radiolysis of water 
at different pH and dissolved O2 concentrations with or without headspace [3, 4], and water 
initially containing either NO3
− or NO2
− at a specific concentration [5]. For the latter, the 
time-dependent behaviour of [NO3
−] and [NO2
−] as well as [H2] and [H2O2] were 
successfully simulated. Similar chemical kinetic models were also developed for radiolysis 
of water at high temperatures (< 150 oC) [6] and supercritical water [6, 7].   
In this work, the existing water radiolysis models were used to determine the overall 
radiolytic production of key chemical species that are relevant for the UFC corrosion. The 
UFC corrosion environments (inner and outer) evolve with time as described earlier. The 
temperature of the UFC could reach up to ~90 oC due to the heat generated from the 
radiation energy absorbed by the metal. Hence, this work focuses on radiolysis kinetics of 
deaerated and aerated water at temperature, ranging from 25 to 80 oC. The model 
predictions were validated with experimental data. As described in Chapter 4 the HNO3(g) 
produced from the humid-air radiolysis is expected to dissolve in the condensed water on 
the UFC, which will change the pH and the nitrate concentration thereby affecting the 
overall production rates of radiolytically produced oxidants. The base anion, NO3−, can 
also react with water radiolysis products and/or participate in corrosion reactions. In 
chapter 4, a simplified rate formula for the overall radiolytic production of nitric acid in 
humid air was developed. In this work, the simplified rate formula was incorporated into 
the radiolysis model for water containing nitrate and nitrite ions that were developed 
previously [5] to determine the change in pH of the water. The integrated humid-air and 
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nitrate water radiolysis model is used to determine the concentrations of redox-active 
species that can be anticipated in the UFC environment. 
5.2 Construction and validation of radiolysis models 
5.2.1 Construction of Radiolysis Models  
A radiolysis kinetic model solves the rate equations of chemical species that are 
undergoing many different reactions in the presence of a continuous flux of -radiation. 
There are two types of reactions; decomposition of water (solvent) molecules by primary 
radiolytic processes, and classical homogeneous solution reactions.  
In the model, the rates of water decomposition by the primary radiolytic processes 
are expressed using the homogeneous g-values and radiation dose rate (𝐷𝑅). The 
homogeneous g-values are the chemical yields of primary radiolysis at ~100 ns after the 
initial interaction of the radiation particle or photon with water molecules. At this time 
scale, the radiolysis yields are not affected by the rate of radiation energy absorbed by the 
water phase (𝐷𝑅) but the total dose (∫𝐷𝑅 ∙ 𝑑𝑡) and hence, g-values are defined per absorbed 
radiation energy and have units of molJ−1. By 100 ns, the radiolysis products are 
homogeneously distributed within the irradiated volume (hence, the term ‘homogeneous’ 
g-values), but the chemical reactions of the primary radiolysis products in the solution 
phase have not begun at any sufficient rates. Therefore, water decomposition by primary 
radiolytic processes is described by the overall reaction: 
H2O OH (0.28), eaq
− (0.27), H (0.06), H2 (0.05), H2O2 (0.07), H
+ (0.27)        (5.1) 
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where the numbers in the brackets represent the g-values (µmolJ-1) at 25 oC. The rates of 
the water decomposition products by the primary radiolytic processes under continuous -
radiation at dose rate 𝐷𝑅 are simply formulated by: 
𝑑[𝑖]
𝑑𝑡
|
𝑟𝑎𝑑
= 𝑔𝑖 ∙ 𝐷𝑅 ∙ 𝜌𝑤  (Eq. 5.1) 
where [𝑖] and 𝑔𝑖 represents the concentration and the g-value of radiolysis product 𝑖, 𝐷𝑅 is 
the radiation dose rate in Jkg−1 and 𝜌𝑤 is the density of water. Note that dose rate is 
expressed using radiation energy absorbed per mass of interacting medium (water in this 
study) because the rate of radiation energy absorption depends primarily on electron 
density in the interacting matter which is nearly proportional to mass.  
 The elementary chemical reactions considered in the model include the reactions 
of the primary radiolysis products with each other, solvent species (H2O ⇄ H+ + OH−), and 
solute species such as dissolved O2 and NO3−. All elementary chemical reactions follow 
2nd-order reaction kinetics (which are sometimes approximated by pseudo1st-order reaction 
kinetics). For an elementary reaction (rxn#) represented by: 
 A + B → C + D            (5.2) 
the rate equations for the chemical species due to rxn# are thus formulated by: 
−
𝑑[𝐴]
𝑑𝑡
|
𝑟𝑥𝑛#
= −
𝑑[𝐵]
𝑑𝑡
|
𝑟𝑥𝑛#
=
𝑑[𝐶]
𝑑𝑡
|
𝑟𝑥𝑛#
=
𝑑[𝐷]
𝑑𝑡
|
𝑟𝑥𝑛#
= 𝑘𝑟𝑥𝑛# ∙ [𝐴] ∙ [𝐵]      (Eq. 5.2) 
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Because the primary radiolysis products are reactive, they are involved in more than one 
elementary reaction. About 40 elementary reactions are considered in the full radiolysis 
model for ‘pure’ water (free of reactive solute species).  
Hence, the overall radiolysis rate equation for species i is formulated as: 
−
𝑑[𝑖]
𝑑𝑡
|
𝑜𝑣𝑒𝑟𝑎𝑙𝑙
= 𝑔𝑖 ∙ 𝐷𝑅 ∙ 𝜌𝑤 + (∑𝑘𝑖𝑗 ∙ [𝑗]) ∙ [𝑖] − ∑𝑘𝑙𝑚 ∙ [𝑙] [𝑚] (Eq. 5.3) 
where 𝑘𝑖𝑗 is the 2
nd-order rate constant for the reaction of species i with species j and 𝑘𝑙𝑚 
is the 2nd-order rate constant for the reaction of 𝑙 with 𝑚 that produces species 𝑖. The overall 
rate equation for each species thus has a different rate formula. The differential rate 
equations for chemical species involved are then coupled and solved numerically using 
computer software to calculate the concentrations of radiolysis products as a function of 
time.  
The rate parameters that determine the overall radiolysis kinetics are the g-values 
and dose rate for primary radiolytic processes and the 2nd-order rate constants of the 
elementary reactions. Hence, a robust radiolysis kinetic model requires identifying the 
necessary elementary reactions that contribute to determining the overall radiolysis 
kinetics, and defining their rate constants as well as the g-values under the radiolysis 
conditions. The primary radiolytic production and the elementary chemical reactions 
considered in the models used in this work are listed in Tables 5.1 and 5.2. Also shown in 
the tables are the g-values and the rate constants of the elementary reactions at 25 oC.  
The primary radiolysis processes and the elementary reactions that are universally 
considered for radiolysis of water independent of solute species present in the water (at a 
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concentration < 10−2 M) are listed in Table 5.1. This model of ‘pure’ water radiolysis has 
successfully simulated the time-dependent concentrations of H2 and H2O2 observed at 
different pHs and dissolved O2 concentrations with or without headspace at room 
temperature [3]. The additional reactions considered for radiolysis kinetics of solution 
containing NO3− and/or NO2− (< 10−
2 M) are listed in Table 5.2. The model, consisting of 
the elementary processes listed in Tables 5.1. and 5.2 have successfully simulated the time-
dependent behaviour of [NO3
−] and [NO2
−] as well as [H2] and [H2O2] observed during the 
radiolysis of solution initially containing 1 × 10−3 M NO3
− or 1 × 10−3 M NO2
− at room 
temperature [5].  
The effect of temperature on radiolysis kinetics arises from the temperature 
dependences of the g-values and rate constants. The g-values are the rate parameters of a 
process induced by interaction with high energy photons and hence, have negligible 
dependence on temperature when the medium (water) temperature is less than its boiling 
point (100 oC at 1 atm pressure). (Note that the g-values depend more strongly on solvent 
properties such as dielectric constant and the mass and charge of the radiation particles.) 
The temperature dependence of rate constant of an elementary chemical reaction follows 
Arrhenius dependence: 
𝑘𝑖𝑗(𝑇) = 𝐴𝑖𝑗(𝑇) ∙ exp (−
𝐸𝐴
𝑅𝑇 
)                                                                  (Eq. 5.4) 
where 𝐴𝑖𝑗(𝑇) and 𝐸𝐴 are the temperature-dependent pre-exponential factor and the 
activation energy of the reaction between species 𝑖 and 𝑗, respectively, 𝑅 is the gas constant, 
and 𝑇 is the temperature in kelvin. Although in the computational model calculation 
temperature-dependent 𝐴𝑖𝑗(𝑇) was used, 𝐴𝑖𝑗(𝑇) does not have a strong temperature 
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dependence and hence is nearly constant over the temperature range studied (25 – 80 oC). 
The temperature dependences of g-values and 𝑘𝑖𝑗 used in the models and their sources are 
listed in Tables B1 and B2 in Appendix B.   
Table 5.1:  The g-values, reactions and rate constants, and equilibria that form the basic 
water radiolysis kinetic model [3, 8]. 
Primary Radiolytic Processes   
Reaction 
No. 
Primary radiolysis product formation 
g-value (25 C) 
(µmolJ−1) 
5.1a H2O → •eaq
– 0.27 
5.1b H2O → H
+ 0.27 
5.1c H2O → H• 0.06 
5.1d H2O → •OH 0.28 
5.1e H2O → H2 0.05 
5.1f H2O → H2O2 0.07 
Elementary Chemical Reactions  
 Chemical reaction 
rate constant* 
(25 C) 
(M−1s-1 or s-1) 
5.2 •eaq
– + •eaq
– + 2H2O → H2 + 2OH− 5.5 × 10
9 
5.3 •eaq
– + •H + H2O → H2 + OH− 2.5 × 10
10 
5.4 •eaq
– + •OH → OH− 3.0 × 1010 
5.5 •eaq
– + O2 → •O2− 2.22 × 10
10 
5.6 •eaq
– + H2O2 → OH−+ •OH 1.6 × 10
10 
5.7 •eaq
– + HO2• → HO2−
 1.3 × 1010 
5.8 •eaq
– + HO2− → •O− + OH− 3.5 × 10
9 
5.9 •eaq
– + •O− + H2O → OH− + OH− 2.2 × 10
10 
5.10 •H + •OH → H2O 7 × 10
9 
5.11 •H + •H → H2 7.75 × 10
9 
5.12 •H + O2 → HO2• 2.1 × 10
10 
5.13 •H + HO2• → H2O2 1.0 × 10
10 
5.14 •H + H2O2 → •OH + H2O 9.0 × 10
7 
5.15 •H + •O2− → HO2− 2.0 × 10
10 
5.16 •H + H2O → H2 + •OH 6.1 × 10
2  
5.17 •OH + •OH → H2O2 5.5 × 10
9 
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5.18 •OH + H2O2 → HO2• + H2O 2.7 × 10
7 
5.19 •OH + H2 → H• + H2O 4.2 × 10
7 
5.20 •OH + •O2− → OH− + O2 8 × 10
9 
5.21 •OH + HO2• → H2O + O2 6 × 10
9 
5.22 •OH + HO2− → HO2•+ OH− 7.5 × 10
9 
5.23 •OH + •O− → HO2− 2.0 × 10
10 
5.24 •O− + H2O2 → •O2− + H2O 2 × 10
8 
5.25 •O− + H2 → H• + OH− 8.0 × 10
7 
5.26 •O− + HO2− → •O2− + OH− 4.0 × 10
8 
5.27 •O− + •O2− → 2OH−+ O2 6.0 × 10
8 
5.28 •O− + O2 → •O3− 3.8 × 10
9 
5.29 •O3− → O2 + •O− 3.0 × 10
2 
5.30 •O3− + H2O2 → •O2− + O2 + (H2O) 1.6 × 10
6 
5.31 •O3− + HO2− → •O2−+ O2 + OH− 8.9 × 10
5 
5.32 •O3− + H2 → O2 + H• + OH− 2.5 × 10
5 
5.33 HO2• + •O2− → HO2− + O2 8.9 × 10
7 
5.34 HO2• + HO2• → H2O2 + O2 2.0 × 10
6 
5.35 H2O2 → •OH + •OH 2.3 × 10
-7 
Equilibrium Reactions 
 Reaction Keq 
5.36 H2O  H+ + OH− 9.86 × 10
-15 
5.37 H2O2  H+ + HO2− 1.6 × 10
-12 
5.38 HO2•  H+ + •O2− 1.5 × 10
-5 
5.39 •OH  H+ + •O− 1.6 × 10-12 
5.40** •H  H+ + •eaq
– 2.80 × 10-10 
*  The 2nd order rate constants are in units of M−1s-1 and the pseudo 1st-order rate constants are in 
unit of s-1. Although H2O is shown in the reaction equation for chemical balance the chemical 
activity of H2O in the aqueous solution is 1.0 and does not change with reaction time. 
** The forward and the reverse rate constants of this equilibrium have been determined 
independently, and they are slower than those of the other acid-base equilibria. Hence, their 
values are specified. The Keq of the reaction is 𝑘40𝑓 𝑘40𝑟⁄ , where k40f = 0.63 × 10
1 and 
k40b = 2.25 × 1010.  
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Table 5.2:  The simplified nitrate and nitrite reaction set and rate constants included in 
the water radiolysis kinetic model [5].  
Elementary Chemical Reactions 
Reaction 
No. 
Reaction 
Rate Constant 
(25C) 
(M−1 s -1) 
5.41 •eaq
– + NO3− → NO3
2− 9.7 × 109 
5.42 NO3 
2− + H2O → •NO2 + 2OH− 5.5 × 10
4 
5.43 •eaq
– + NO2− → NO2
2− 3.5 × 109 
5.44 NO2
2− + H2O → •NO + 2OH− 4.3 × 10
4 
5.45 •OH + NO2− → •NO2 + OH− 5.0 × 10
9 
5.46 •O2
– + NO3− → NO3
2− + O2 1.0 × 10
6  
5.47 2 •NO2 + H2O → NO3− + NO2− + 2H
+ 6.5 × 107 
5.48 •eaq
– + •NO2 → NO2− 1.0 × 10
10  
5.49 •O2
– + •NO2 → NO2− + O2 2.0 × 10
8 
5.50 •O2
– + NO2− → NO2
2− + O2 5.0 × 10
6 
5.51 •OH + •NO → HNO2 1.0 × 10
10 
5.52 •O2
– + •NO → ONOO− 6.7 × 109 
5.53 •eaq
– + •NO → NO− 2.3 × 1010 
Equilibrium Reactions 
 Reactions Keq 
5.54 HNO3  H+ + NO3− 3.98 × 10
1 
5.55 HNO2  H+ + NO2− 3.98 × 10−
4 
5.56 HNO3−  H
+ + NO3
2− 3.16 × 10−8 
5.57 HNO2−  H
+ + NO2
2− 2.0 × 10−8 
5.58 ONOOH  H+ + ONOO− 1.58 × 10−7 
 
 
  
105 
 
 
5.2.2 Model Validation 
5.2.2.1 Introduction 
The validation experiments one can perform for long-term radiolysis kinetic models 
for chemical systems under continuous irradiation are very limited. A chemical system 
undergoing radiolysis is a non-adiabatic system. Because of the continuous absorption of 
radiation energy, the primary radiolysis products can accumulate to high concentrations 
such that their reactions to produce secondary products, and the reactions of the secondary 
products to produce tertiary products and so on, contribute significantly to determining the 
overall radiolysis kinetics and their contributions to the overall kinetics continue to evolve 
with time. Hence, the system may not evolve to a single stable steady state, but it may 
continue to evolve through more than one (meta-) stable steady state over time to reach the 
final, most stable steady state. And under certain reaction conditions, the system may 
oscillate between two unstable steady states (referred to as systemic feedback), which can 
lead to catalytic reaction cycles. Hence, short-term pulse radiolysis techniques often used 
in radiolysis kinetic studies will not provide kinetic information over a time scale of 
chemical processes occurring in solution and/or at solid-solution interfaces. With short-
term (< 100 ns) radiation pulses, the solution reaction kinetics of reactive species such as 
•eaq− and •OH, following the termination of radiation can be studied very effectively. 
Hence, short-term pulse radiolysis techniques are very useful research tools to determine 
the kinetics of the fast reactions of •eaq− and •OH and the primary g-values. For the long-
term radiolysis kinetics under continuous irradiation, the experimental measurement is 
limited to the concentrations of more stable molecular products, H2O2 in solution and H2 
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in the headspace (and NO3−/ NO2− for radiolysis of nitrate/nitrite solutions), as a function 
of time.   
As described earlier, the ‘pure’ water radiolysis model and the nitrate/nitrite 
radiolysis model have been validated over ranges of pH, [H2O2]0, and [O2] at room 
temperature [3-5, 9]. In this thesis work, experiments were performed at various 
temperatures in the range of 25 to 80 oC to determine the capability of the models to predict 
the overall radiolysis kinetics at temperatures anticipated in the DGR environments.     
5.2.2.2 Experimental    
All solutions were freshly prepared before each experiment using Type I water 
(NANOpure Diamond, Barnstead International). Water samples were saturated by purging 
either argon or compressed air (Praxair).  Headspace gas volume to aqueous volume ratio 
in all the vials was maintained at 1:1 with an aqueous-gas interfacial area of (3.14 cm2) 
which corresponds to the cross-sectional area of the vials.   
Irradiations were carried out in a 60Co gamma cell (MDS Nordion) which provided 
the irradiation chamber with a uniform absorption dose rate of 4 or 2.3 kGy/h over a total 
period of 20 h.  Irradiation experiments were performed at room temperature and higher 
temperatures (50, 65, and 85 oC).  High temperature experiments were performed by 
placing the vials in a water bath assembly with water circulating that was heated up to 50 
oC or 65 oC or 85 oC.  Individual test vials were removed from the 60Co gamma cell at 
specified time intervals and analyzed for stable molecular water radiolysis products H2O2, 
H2, and O2 by UV-Visible spectrophotometry and gas chromatography. 
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5.2.2.3 Validation Results 
Validation experiments in the temperature range of 50 to 80 C were performed by 
irradiating water initially containing dissolved O2 (2.5 ×10
-4 M) at pH 6.0 and pH 10.6 and 
analyzing the concentration of molecular products (H2, O2 and H2O2) formed as a function 
of time. Figures 5.1 to 5.4 show the experimental data compared with the model prediction. 
In the presence of headspace or cover gas, gaseous products H2 and O2 transfer from 
aqueous to gas phase until an equilibrium is established. The measured H2 in the headspace 
of the test vial and are compared with the H2 gas-phase concentration predicted by the 
model. H2(g) was calculated based on the interfacial mass transfer study reported by 
Yakabuskie et al. [4, 9]. The interfacial mass transfer kinetics was included in the model. 
The H2(g) was calculated using: 
𝑑[𝐻2(𝑔)]𝑡
𝐻𝑆
𝑑𝑡
 ≈  𝜈𝑖𝑛𝑡
𝐻2 ∙
𝐴𝑖𝑛𝑡
𝑉𝑔
∙  [𝐻2(𝑎𝑞)]𝑡
𝐻𝑆      Eq. 5.5 
where [𝐻2(𝑎𝑞)]𝑡
𝐻𝑆is the aqueous concentration at time t, 𝐴𝑖𝑛𝑡is the aqueous-gas interfacial 
area, 𝑉𝑔 is the gas phase volume and 𝜈𝑖𝑛𝑡
𝐻2  is the H2 interfacial transfer coefficient calculated 
as: 
𝜈𝑖𝑛𝑡
𝐻2 ≈ 
1
𝜕𝑎𝑞
𝐷𝑎𝑞
𝐻2
 + 
𝜕𝑔∙𝐾𝑝
𝐻2
𝐷𝑔
𝐻2
         Eq. 5.6 
where 𝐾𝑝
𝐻2is the partition coefficient of H2, 𝐷𝑎𝑞
𝐻2 and 𝐷𝑔
𝐻2 are the diffusivities of H2 in liquid 
water equivalent to 5.11 × 10−9 m2∙s−1 and in air 7.56 × 10−5 m2∙s−1, respectively. The 𝜕𝑎𝑞 
and 𝜕𝑔 are the thicknesses of the boundary layer in the aqueous and gas phases, 
respectively, and is found to be      𝜕𝑎𝑞 = 5.1 × 10
−4 m and  𝜕𝑔 = 7.6 × 10
−2 m based on the 
best fit values obtained from similar studies [4, 9].  
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There is a good agreement between the model prediction and the experimentally 
measured concentrations of H2O2, H2 and O2. Although in some cases, such as in 80 
oC at 
pH 6.0 in both deaerated and aerated cases, the model underestimates the H2 concentration 
by a factor of 7. In the case of H2O2 prediction, the worst-case has only less than a factor 
of 3 difference from the experimental measurements. These small discrepancies are 
reasonable considering the number of chemical reactions considered in the model 
calculation. Overall, the results show a good agreement between the experimental data and 
the model prediction. There were also no significant changes in the steady-state 
concentrations of the key radiolysis products as a function of temperature. This further 
supports our earlier hypothesis that at temperatures below the boiling point of water 
(<100 oC), the effect of temperature on the radiolysis product concentration is negligible.  
 
Figure 5.1: Model predictions versus experimental data for water radiolysis at 
various temperatures of water with pH 6.0, deaerated and dose rate exposure of 
4 kGy·h−1.  
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Figure 5.2: Model predictions versus experimental data for water radiolysis at 
various temperatures of water with pH 10.6, deaerated and dose rate exposure of 
4 kGy·h−1. 
 
Figure 5.3: Model predictions versus experimental data for water radiolysis at 
various temperatures of water with pH 6.0, aerated and dose rate exposure of 
4 kGy·h−1. 
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Figure 5.4: Model predictions versus experimental data for water radiolysis at 
various temperatures of water with pH 10.6, aerated and dose rate exposure of 
4 kGy·h−1. 
5.3 Analysis of Model Calculation Results 
The very good agreement between the experimental data and model prediction in 
section 5.2.2.3 further solidifies the validity of our model. Now that we have confidence in 
the model’s capability in predicting the radiolysis product behaviours in the presence of -
radiation, we performed computational calculations using the full models to further 
examine the time-dependent concentrations of radiolysis products, not only for H2O2 and 
H2 but also for other species that are not easily measured as a function of radiation and 
solution parameters, such as DR, pH, and temperature over the ranges anticipated in the 
DGR. 
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5.3.1 Time Evolution of Radiolysis Products in ‘Pure’ Water 
The time-dependent behaviours of radiolysis products during γ-radiolysis were 
calculated as a function of dose rate, pH, [O2] and [NO3−]0. The computational calculation 
results obtained for γ-radiolysis of ‘pure’ water at a dose rate of 4 kGy·h−1 at pH 6.0 and 
25 oC are presented in Figure 5.5.  
 
Figure 5.5: The concentration of water radiolysis products as a function of time in 
pH 6.0 de-aerated water at 25 oC and a dose rate of 4 kGy·h−1. The kinetic stages of 
H2O2 are indicated by the arrows. 
The time-dependent behaviour of each radiolysis product shows 3 distinct periods 
having characteristic time dependences (kinetic stages) before the overall radiolysis system 
reaches steady-state, at ~100 h for the pure water radiolysis at 4 kGy·h−1 at 25 oC. The 
different kinetic stages of H2O2 are indicated in Figure 5.5. In Stage 1, for a primary 
radiolysis product, •eaq
−, •OH, •H, H2 or H2O2, the slope of the 𝑙𝑜𝑔([𝑖]) vs 𝑙𝑜𝑔(𝑡) plot is 
initially one, i.e., [𝑖] increases linearly with time. After a duration, the slope changes to 
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near zero (steady-state), i.e., [𝑖] is constant with time. The time to reach the 1st-steady state 
varies with the product; the more chemically reactive the radiolysis product is, the earlier 
the steady-state is reached. The linear time-dependence indicates that the primary radiolytic 
decomposition of water (5.1) dominates the overall radiolysis kinetics:   
 [𝑖] ≈ 10−6  ∙ 𝑔𝑖 ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 ∙ 𝑡        (Eq. 5.7a) 
𝑙𝑜𝑔 [𝑖] ≈ 𝑙𝑜𝑔(10−6  ∙ 𝑔𝑖 ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅) + 𝑙𝑜𝑔 𝑡          (Eq. 5.7b) 
Of the primary radiolysis products, •H, H2 and H2O2 show two periods with a slope of 1 
but with different intercepts in their 𝑙𝑜𝑔 [𝑖] vs 𝑙𝑜𝑔 𝑡 plots, before they reach their 1st steady 
states. The period of the second linear time dependence for these species occurs before the 
secondary radiolysis products accumulate significantly.  
The second linear time dependences of the less reactive primary radiolysis products 
are attributed to the reactions of the more reactive primary radiolysis products that produce 
them. For example, the most reactive radiolysis product •eaq− quickly reacts with H+ to 
form H in pure water (with no initially dissolved O2 present): 
 •eaq
− + H+ → H    (R 5.40) 
The forward rate of reaction (R 5.40) in Table 5.1 is significantly larger than any other 
reaction of •eaq
− at a pH < ~ 9.5 (the pKa of R 5.40), and hence, the other reactions of •eaq
− 
can be ignored at early times during the radiolysis of pure water. (In aerated solution with 
normal air, the dissolved O2 concentration is about 2.5  10−
4 M [10] and the main •eaq
− 
removal process is its reaction with O2, see discussion later.) 
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 Because of the fast removal reaction (5.40), [•eaq
−] reaches its 1st steady-state very 
early and its steady-state concentration is determined primarily by its production rate by 
primary radiolysis and its removal by reaction (5.40): 
 
𝑑[•eaq
−]
𝑑𝑡
≈ 10−6  ∙ 𝑔•eaq ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 − 𝑘40𝑓 ∙ [•eaq
−] ∙ [H+] ≈ 0        (Eq. 5.8a) 
 [•eaq
−]𝑠𝑠1 ≈
10−6 ∙ 𝑔•eaq− ∙𝜌𝐻2𝑂∙𝐷𝑅
𝑘40∙[H+]
      (Eq. 5.8b) 
where the kn represents the rate constant of reaction (R 5.n) in Table 5.1 (i.e. 𝑘40 is the rate 
constant of reaction (R 5.40). The time to reach this steady-state concentration can then be 
approximated as: 
 𝜏𝑠𝑠1(•eaq−) ≈
1
𝑘40∙[H+]
      (Eq. 5.9) 
When [•eaq
−] is at this steady-state (𝑡 > 𝜏𝑠𝑠1(•eaq−)) the overall kinetics of H can be 
approximated as: 
 
𝑑[•H]
𝑑𝑡
≈ 10−6  ∙ 𝑔•H ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 + 𝑘40 ∙ [•eaq
−]𝑠𝑠1 ∙ [H
+]        (Eq. 5.10a) 
 
𝑑[•H]
𝑑𝑡
≈ (𝑔•H + 𝑔•eaq) ∙ 10
−6  ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅        (Eq. 5.10b) 
 [•H] ≈ 10−6  ∙ 𝑔•H ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 ∙ 𝜏𝑠𝑠1(•eaq−) 
                        +(𝑔•H + 𝑔•eaq) ∙ 10
−6  ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 ∙ (𝑡 − 𝜏𝑠𝑠1(•eaq−))     (Eq. 5.10c) 
 [•H] ≈ (𝑔•H + 𝑔•eaq) ∙ 10
−6  ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 ∙ 𝑡 when 𝑡 > 𝜏𝑠𝑠1(•eaq−)  (Eq. 5.10d) 
That is, during the period of the 1st steady state of •eaq
−, [•H] increases linearly with time 
at a rate proportional to (𝑔•H + 𝑔•eaq) instead of 𝑔•H. The slope of 𝑙𝑜𝑔 [•H] vs 𝑙𝑜𝑔 𝑡 plot 
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during this period will be one but with a larger intercept than that of the linear plot over the 
initial period. 
 Hence, when no other solutes such as dissolved O2 that can react very fast with •eaq
− 
are present, [•eaq
−] reaches the 1st steady-state very early (Eq. 5.8b) and its steady-state 
concentration is determined by Eq. 5.9. During the steady-state period for •eaq
−, the overall 
production of •H can be approximated to be the same as the sum of the primary radiolysis 
production rates for •eaq
− and •H (Eq. 5.10d). The full model calculation results support the 
approximate rate equations. As discussed in more detail later, in the presence of O2 the 
steady-state of •eaq
− is reached faster and its concentration can be approximated by: 
 [•eaq
−]𝑠𝑠1 ≈
10−6 ∙ 𝑔•eaq− ∙𝜌𝐻2𝑂∙𝐷𝑅
𝑘40∙[H+]+ 𝑘5∙[O2]0
      (Eq. 5.11) 
 𝜏𝑠𝑠1(•eaq−) ≈
1
𝑘40∙[H+]+ 𝑘5∙[O2]
      (Eq. 5.12) 
The rate equation for •H during the period of the 1st steady-state of •eaq
− in the presence of 
O2 can be approximated as: 
 [•H] ≈ (𝑔•H + (
𝑘40∙[H
+]
𝑘40∙[H+]+ 𝑘5∙[O2]
) ∙ 𝑔•eaq) ∙ 10
−6  ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 ∙ 𝑡 (Eq. 5.13a) 
Hence, in the presence of a solute species that can easily react with •eaq
− (most oxidants for 
metal corrosion), the overall radiolysis production rate of •H in this period is proportional 
to (𝑔•H + (
𝑘40∙[H
+]
𝑘40∙[H+]+ 𝑘5∙[O2]
) ∙ 𝑔•eaq)  and not (𝑔•H + 𝑔•eaq). Also, relative to (𝑔•H), 
(
𝑘40∙[H
+]
𝑘40∙[H+]+ 𝑘5∙[O2]
∙ 𝑔•eaq) is negligible when pH is ≥6.0. Thus, •H rate equation can further 
be simplified to:  
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 [•H] ≈ 𝑔•H ∙ 10
−6  ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 ∙ 𝑡  (Eq. 5.13b) 
at pH ≥6.0 and in the presence of O2. 
 Similarly, [H2] initially increases linearly with time: 
 [H2] ≈ 10
−6  ∙ 𝑔H2 ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 ∙ 𝑡  (Eq. 5.14) 
After about 10-7 h (> 100 s) [H2] starts increasing at a faster rate than the linear primary 
production rate. This second linear time dependence of H2 arises from the reactions of •H 
as  [•H] is at its 1st steady-state: 
 H + H → H2    (R 5.11) 
 H + H2O → H2 + OH    (R 5.16) 
Due to low [H], (R 5.16) is the preferred H2 production path of the two. In addition to 
these two reactions, •H is also removed by (R 5.10): 
 H + OH → H2O    (R 5.10) 
Thus, the steady-state concentration of H and the time to reach steady-stae can be 
approximated as: 
𝑑[•H]
𝑑𝑡
≈ (𝑔•H + 𝑔•eaq) ∙ 10
−6  ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 − {𝑘10 ∙ [•OH] ∙ [•H] + 𝑘11 ∙ [•H]
2 +
𝑘16 ∙ [•H]} ∙ [•H] ≈ 0 (Eq. 5.15a) 
  [•H]𝑠𝑠1 ≈
10−6 ∙ (𝑔•H+𝑔•eaq)∙𝜌𝐻2𝑂∙𝐷𝑅
𝑘10∙[•OH]+𝑘11∙[•H]𝑠𝑠1+𝑘16
≈
10−6 ∙ (𝑔•H+𝑔•eaq)∙𝜌𝐻2𝑂∙𝐷𝑅
𝑘16
 (Eq. 5.15b) 
 𝜏𝑠𝑠1(•H) ≈
1
𝑘16
      (Eq. 5.16) 
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The overall rate of H2 during this period is then: 
𝑑[H2]
𝑑𝑡
≈ 10−6  ∙ 𝑔𝐻2 ∙ 𝐷𝑅 ∙ 𝜌𝐻2𝑂 + 𝑘16 ∙ [•H]𝑠𝑠1          (Eq. 5.17a) 
𝑑[H2]
𝑑𝑡
≈ 10−6  ∙ 𝑔𝐻2 ∙ 𝐷𝑅 ∙ 𝜌𝐻2𝑂 + 10
−6  ∙  (𝑔•H + 𝑔•eaq) ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅      (Eq. 5.17b) 
[H2] ≈ 10
−6  ∙  (𝑔𝐻2 + 𝑔•H + 𝑔•eaq) ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 ∙ 𝑡          (Eq. 5.17c) 
 The other important species, molecular H2O2 and radical •OH have also shown a 
linear increase with time, with slopes of 1 corresponding to the primary rate production 
during this stage.  
 [H2O2] ≈ 10
−6  ∙ 𝑔𝐻2𝑂2 ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 ∙ 𝑡           (Eq. 5.18) 
[•OH] ≈ 10−6  ∙ 𝑔•OH ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅  ∙ 𝑡              (Eq. 5.19) 
Towards the end of Stage I (~10-6 h), the [H2O2] starts increasing at a much faster 
rate than its primary production rate. This second linear increase arises from the reactions 
of •OH. During this period, [•OH] reaches a sufficiently high level that it begun reacting 
with each other and with other molecular species present but its main reaction at this 
timescale is (R 5.17) resulting in the formation of H2O2.  
•OH  +  •OH  →  H2O2   (R 5.17) 
The •OH establishes its first steady state (𝜏𝑠𝑠1(•OH)) shortly, which can then be approximated 
as:  
 
𝑑[•OH]
𝑑𝑡
≈ 10−6  ∙ 𝑔•OH ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 − 𝑘17 ∙ [•OH]
2  ≈ 0   (Eq. 5.20a) 
 [•OH]𝑠𝑠1 ≈ (
10−6 ∙ 𝑔•OH∙𝜌𝐻2𝑂∙𝐷𝑅
𝑘17
)
1
2⁄
  (Eq. 5.20b) 
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 𝜏𝑠𝑠1(•OH) ≈ (10
−6  ∙  𝑔•OH ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 ∙ 𝑘17)
−1
2⁄       (Eq. 5.21) 
The contribution of •OH to the second linear increase in the production rate of H2O2 during 
this period is then given as: 
[H2O2] ≈ (10
−6  ∙ 𝑔𝐻2𝑂2 ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅  + 𝑘17 ∙
[•OH]𝑠𝑠1
2
) ∙ 𝑡         (Eq. 5.22a) 
[H2O2] ≈ (10
−6  ∙ 𝑔𝐻2𝑂2 ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅  + 10
−6  ∙  𝑔•OH ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅) ∙ 𝑡      (Eq. 5.22b)
 
[H2O2] ≈ 10
−6 ∙ (𝑔𝐻2𝑂2 + 𝑔•OH) ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅  ∙ 𝑡              (Eq. 5.22c)
 
Stage II 
The [H2] and [H2O2] continue to increase towards the end of Stage I. This stage is 
followed by the next kinetic stage, Stage II, where secondary products (O2, O2− and HO2) 
are formed (through the reactions given below) and their concentration increase with time.  
•OH  +  •HO2  →    H2O + O2   
 (R 5.21) 
•HO2  +  •O2−  →  HO2−  +  O2     
 (R 5.33) 
•HO2  +  •HO2  →  H2O2  +  O2     
 (R 5.34) 
H + O2 → •HO2                       (R 5.12) 
•eaq
− + O2 → •O2−                     (R 5.5) 
 In this stage, the concentrations of molecular primary products and the secondary 
product increases, as •H and •OH remain in their 1st steady state.  This steady state is 
reached as the decomposition rates of •H and •OH increases, approaching those of their 
radiolytic production rate. The net effect of this process is the slow conversion of more 
reactive chemical species, •H and •OH, to less reactive species, HO2 and O2−, and to 
118 
 
 
H2O2, O2 and H2 [6]. In Stage II the concentrations of primary molecular species and those 
of secondary products increase linearly with time while their rates of production remain 
nearly constant during this kinetic stage.  
Stage III 
As the concentrations of H2 and H2O2, as well as the secondary products, continue 
to increase at the end of Stage II, they start reacting with one another in a complex process 
with multiple competition kinetics involved. As time progress, the net rate of 
decomposition reactions for all the species increases and becomes equal to the net rate of 
their production rates, and the whole radiolysis system reaches the third stage (the steady-
state stage). In Stage III, the steady-state concentration of the molecular products H2 and 
H2O2 can be approximated by the following simplified equations using their primary 
production rate and decomposition rate. In the case of H2, the main decomposition path is 
via reaction with •OH. In Stage III as the concentration of O2 builds up to a significant 
level the main reaction pathway for •eaq
− is via R 5.5. 
•OH  +  H2 →  •H  +  H2O   
 (R 5.19) 
Therefore the final steady-state concentration of H2 is approximated as: 
[H2]
𝑑𝑡
≈ 10−6  ∙  (𝑔𝐻2 + 𝑔•H) ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 − 𝑘19 ∙
[•OH]𝑠𝑠𝑓                    (Eq. 5.23a) 
[H2]𝑠𝑠 ≈
10−6 ∙ (𝑔𝐻2+𝑔•H)∙𝜌𝐻2𝑂
∙𝐷𝑅
𝑘19∙[•OH]  
                     (Eq. 5.23b) 
 𝜏𝑠𝑠(H2) ≈
1
𝑘19∙[•𝑂𝐻]
      (Eq. 5.24) 
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Similarly, in the case of H2O2 the main decomposition occurs via reacting with •eaq
− 
and •OH (Reactions 5.6 and 5.18, respectively). The secondary products also contribute to 
the production rate of H2O2 (Reaction 5.33).  
•eaq
– + H2O2 →  OH−  + •OH       (R 5.6) 
•OH  +  H2O2  →  •HO2  +  H2O   
 (R 5.18) 
The steady-state concentration of H2O2 is approximated as: 
  
d[H2O2]
dt
≈ (10−6 ∙ (𝑔𝐻2𝑂2) ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 + k33 ∙ [•O2
−] ∙ [• HO2]) −(k18 ∙ [•OH] ∙
[H2O2] + k6 ∙ [•eaq
− ] ∙ [H2O2])        (Eq. 5.25) 
[H2O2]𝑠𝑠 ≈  
10−6∙(𝑔𝐻2𝑂2)∙𝜌𝐻2𝑂∙𝐷𝑅 +𝑘33∙[•𝑂2
−]∙[•𝐻O2]
𝑘18[OH] + 𝑘6[eaq
− ] 
                                         (Eq. 5.26) 
 𝜏𝑠𝑠(H2O2) ≈
1
𝑘18∙[•𝑂𝐻]+ 𝑘6∙[eaq
− ]
      (Eq. 5.27) 
The radical species •eaq
–, •H and •OH also reached a final steady state in Stage III. 
The most chemically reactive radiolysis product reaches the steady state faster. The key 
reactions that consume •eaq
– is its reaction with O2 and H2O2 in Stage III (R 5.5 and R5.6, 
respectively).  
•eaq
− + O2 → •O2−          (R 5.5) 
•eaq
– + H2O2 →  OH−  + •OH      (R 5.6) 
The final steady-state concentration of  •eaq
– is approximated as: 
 [•eaq
−]𝑠𝑠𝑓 ≈
10−6 ∙ 𝑔•eaq− ∙𝜌𝐻2𝑂∙𝐷𝑅
𝑘40∙[H+]+ 𝑘5∙[O2] + 𝑘6∙[H2O2]𝑠𝑠
               (Eq. 5.28) 
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In the case of •H, the main decomposition occurs via reaction R.5.14 
H + O2 → •HO2                 (R 5.14) 
The final steady-state concentration of •H is approximated as: 
[•H]𝑠𝑠𝑓 ≈
10−6 ∙ (𝑔•H+𝑔•eaq)∙𝜌𝐻2𝑂∙𝐷𝑅
𝑘16+ 𝑘12∙[O2]
   (Eq. 5.29) 
For •OH, the key reactions that consume it are: 
•OH  +  H2O2  →  •HO2  +  H2O   
 (R 5.18) 
•OH  +  H2 →  •H  +  H2O   
 (R 5.19) 
•OH  +  •O2−  →  OH−  +  O2     
 (R 5.20) 
Therefore the final steady-state concentration of •OH is approximated as: 
 [•OH]𝑠𝑠𝑓 ≈
10−6 ∙ 𝑔•OH∙𝜌𝐻2𝑂∙𝐷𝑅
𝑘18∙[H2O2]+ 𝑘19∙[H2]+𝑘20∙[•𝑂2
−]  
       (Eq. 5.30) 
 
The time scale of each radiolysis product behaviour and their approximate solution 
described above are summarized in Figure 5.6.   
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5.3.2 Effect of Solution Parameters (pH and Dissolved O2) on 
Radiolysis Kinetics  
 In this section, the effects of pH and dissolved O2 on the radiolysis kinetics is 
discussed. Previous studies have established that solution pH and O2 have a strong 
influence on radiolysis kinetics [3, 6, 9]. Those studies were done at a slightly higher dose 
rate than the work presented in this thesis.  
5.3.2.1 Effect of pH 
In this section, the effect of pH on radiolysis product behaviour is investigated. The 
time-dependent behaviour of water radiolysis products at pH 6.0 described in section 5.3.1 
(Figure 5.5) is compared with that at pH 10.6 in Figure 5.7. These model calculations were 
performed under deaerated conditions. The concentrations of the radical and molecular 
radiolysis products at both pH showed distinct behaviour at different stages. As described 
in section 5.3.1 pH affects the [•eaq−] and [•H] at very early times in Stage I via the acid-
base equilibrium: 
•eaq
−  +  H+    •H pKa of •H = 9.6  (R 5.40) 
At pH 6.0 (higher concentration of H+) the forward rate of Reaction 5.40 is faster 
and therefore •eaq
− reaches steady-state early at a lower concentration. The 1st steady-state 
of •eaq
− is given by Eq. 5.8b. At pH 10.6, Figure 5.7 (b) the concentration of •eaq
− increases 
linearly to a higher concentration until the end of Stage I without reaching the 1st steady 
state.  
 At pH 6.0, the [•H] is higher the •eaq
− and shows two linear periods in Stage I with 
a slope of 1, but with different intercepts, as described in section 5.3.1. At pH 10.6, the 
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[•H] is lower than •eaq
− and the [•H] increases linearly. The second linear period in the time 
profile of •H is not observed at pH 10.6 due to the decrease in the forward rate of R 5.40. 
The time profile of •OH in Stage I is independent of solution pH, and [•OH] linearly 
increases until the end of Stage I.  
The duration of Stage II depends on the solution pH. At pH 6.0 the duration of 
Stage II is within 10−6 h to 10−2 h and for pH 10.6 lies between 10−6 h to 10 h, Figure 5.7. 
In Stage II, the secondary products (O2, •O2
− and •HO2) are produced at a fast rate except 
for the •HO2 in pH 10.6. The concentrations of primary molecular products (H2 and H2O2) 
continue to increase in Stage II. At higher pH, the time profile of the radical species (•H, 
•eaq
− and •OH) shows a very different behaviour compared to that of pH 6.0.  With the 
buildup of the secondary product O2, the radical species (•H, •eaq
− and •OH) are consumed 
via R 5.12, R 5.5 and R 5.33. As a result, their concentration decreases significantly to a 
lower level compared to that of pH 6.0.  
H + O2 → •HO2                       (R 5.12) 
•eaq
− + O2 → •O2−           (R 5.5) 
•OH  +  •O2−  →  OH−  +  O2     
 (R 5.33) 
 At higher pH (pH > 9.6 (pKa of •H)) there is a significant increase in the 
concentration of H2O2 and H2 in Stage II.  The time profile of H2 shows a linear increase 
until the end of Stage II. At pH 10.6, the [H2] is higher, which can be attributed to the lower 
concentration of •OH compared to that at pH 6.0. At pH 10.6, the time profile of H2O2 
shows a pseudo-steady-state at timescale of 10−5 h to 10−3 h. During this period the 
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concentrations of •eaq
− and •OH are higher and the pseudo-steady-state of H2O2 can be 
attributed to the decomposition of H2O2 via R 5.6 and R 5.18).  
•OH  +  H2O2  →  •HO2  +  H2O   
 (R 5.18) 
•eaq
– + H2O2 →  OH−  + •OH        (R 5.6) 
 After this period, once the concentration of O2 increases, R 5.5 and R 5.33 becomes 
the predominant removal path for •eaq
− and •OH. As a result, the rates of R 5.18 and R 5.6 
are decreased and hence the concentration of H2O2 linearly increases to a significant level 
until the end of Stage II. 
 This stage is followed by Stage III where the radiolysis system reaches the steady 
state. At pH 6.0, the steady state is established faster (> 10−3 h), while in pH 10.6 primary 
and secondary molecular products increase further until their concentration reaches steady-
state at a much longer time (> 10 h), as observed in Figure 5.7. For the key molecular 
radiolysis products, H2 and H2O2, the time to reach steady-state can be approximated using 
Eq. 5.24 and 5.27, respectively. Calculation of tss for both H2 and H2O2 indicates a good 
agreement of the observed steady-state time. The molecular product's steady-state 
concentrations also are different for pH 6.0 and 10.6, where at pH 10.6, molecular species 
concentrations are about 2 orders of magnitude larger.  
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Figure 5.7: Model predictions of water radiolysis product behaviour at pH 6.0 (a) 
and pH 10.6 (b) for deaerated water as a function of time at 25 oC and a dose rate of 
4 kGy·h−1. 
5.3.2.2 Effect of Dissolved O2 
 In Figure 5.8 the time-dependent behaviour of water radiolysis products under 
deaerated condition (Figure 5.5) and with initially dissolved O2 at pH 6.0 is compared. In 
the presence of O2, the highly reactive radicals species (•eaq
− and •H) reached 1st steady-
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state very early.  In presence of O2, the radical species •eaq
–, •H are scavenged via R 5.5 
and R 5.12, forming O2− and HO2, respectively.  
•eaq
− + O2 → •O2−             (R 5.5) 
H + O2 → •HO2                      (R 5.12) 
The steady-state concentrations of •eaq
− and •H and their time to attain steady-state in the 
presence of O2 can be approximated by: 
[•eaq
−]𝑠𝑠1 ≈
10−6 ∙ 𝑔•eaq− ∙𝜌𝐻2𝑂∙𝐷𝑅
 𝑘5∙[O2]0
             (Eq. 5.31) 
 𝜏𝑠𝑠1(•eaq−) ≈
1
𝑘5∙[O2]0
      (Eq. 5.32) 
[• H]𝑠𝑠1 ≈
10−6 ∙ 𝑔•H ∙𝜌𝐻2𝑂∙𝐷𝑅
 𝑘12∙[O2]0
              (Eq. 5.33) 
 𝜏𝑠𝑠1(•H) ≈
1
𝑘12∙[O2]0
      (Eq. 5.34) 
With initially dissolved O2 present, the formation of the secondary radiolysis products 
(O2− and HO2) was observed during Stage I. The concentration of (O2− and HO2) 
increased linearly in Stage I, similar to those of •OH, H2 and H2O2.  
In Stage I the [H2] increases linearly with a slope of 1 and a single intercept. The 
period of the second linear time dependence observed in the de-aerated case is not observed 
in the presence of O2. The reason is that in the presence of O2 the main removal path for 
•H is via R 5.12. Therefore the [H2] initially increases linearly with time, as shown by Eq. 
5.14: 
 [H2] ≈ 𝑔H2 ∙ 𝜌𝐻2𝑂 ∙ 𝐷𝑅 ∙ 𝑡  (Eq. 5.14) 
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Figure 5.8: Model predictions of water radiolysis product behaviour at pH 6.0; (a) 
de-aerated (b) aerated water as a function of time at 25 oC and a dose rate of 
4 kGy·h−1. 
 In Stage II an increase in the concentration of H2O2 is observed, while the 
concentration of the radical species •OH starts decreasing and the concentrations of O2− 
and HO2 reached steady-state. The reason for this behaviour is that, with the buildup of 
O2−, the main removal path for  •OH is via R 5.20 increases.  
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 •O2−
   +  •OH    →   OH−  +  O2
                                              (R 5.20) 
Once the concentration of O2− and HO2 build up to sufficient level in Stage II they can 
also further react with each other via R 5.33 and R 5.34, forming H2O2.  
 •HO2
    +  •O2−
     →   HO2−  +  O2
                                              (R 5.33) 
 •HO2
    +  •HO2
    →   H2O2  +  O2
                                              (R 5.34) 
This can explain the slight increase in the concentration of H2O2 observed in Stage II.  
 In Stage III the system reached steady state. In presence of O2, steady state is 
reached earlier (10-1 h) compared to deaerated case. Higher molecular product 
concentration was observed in the aerated case, as shown in Figure 5.8b.  
In Figure 5.9, the time-dependent behaviours of water radiolysis products at pH 6.0 
and 10.6 in the presence of O2 are compared. In the presence of initially dissolved O2, not 
much difference were observed in the kinetic behaviours of H2 and H2O2 between pH 6.0 
and 10.6. The main difference observed are in the time profiles of •O2−
 and •OH in Stages 
I and II. At pH 10.6 the concentration of •O2− formed in Stage I is higher than the observed 
concentration at pH 6.0, as a result of R 5.5.  
 •eaq
− + O2 → •O2−          (R 5.5) 
At pH 10.6, the concentration of •O2− increases linearly with time in Stage II, eventually 
reaching a steady state in Stage III. The final steady-state reached is also much higher than 
that of pH 6.0.  
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Figure 5.9: Model predictions of water radiolysis product behaviour at pH 6.0 (a) 
and pH 10.6 (b) for water with 2.5 × 10−4 mol∙dm−3 of initially dissolved O2 as a 
function of time at 25 oC and a dose rate of 4 kGy·h−1. 
 The overall effect of initially dissolved O2 on the radiolysis system is an increase 
in the radiolytically produced molecular products. The H2O2 concentration in the fully 
aerated solution is higher than in the deaerated solution by two orders of magnitude.   
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In fully aerated solutions, where O2 is abundant, the reaction of O2 with •eaq− is significant.  
Oxygen gas is known to scavenge •eaq−, producing •O2− which then reacts with •OH to 
regenerate O2.  These reactions are cyclic with no net consumption of O2.  
 O2  +  •eaq−
    →   •O2−
                                                (R 5.5) 
 •O2−
   +  •OH    →   OH−  +  O2
                                           (R 5.20) 
As these reactions continue, it leads to the decrease in the concentrations of •eaq− and •OH, 
which are the main species that decompose H2O2, thus increasing the concentration of 
H2O2. The final steady-state concentration of H2O2 in the presence of O2 can be 
approximated using Eq. 5.26:  
 [H2O2]𝑠𝑠𝑓 ≈ 
10−6∙(𝑔𝐻2𝑂2)∙𝜌𝐻2𝑂∙𝐷𝑅 + 𝑘33∙[•𝑂2
−]∙[•𝐻O2]
𝑘18[OH]𝑠𝑠𝑓 + 𝑘6[eaq
− ]𝑠𝑠𝑓 
                    (Eq. 5.26) 
Similar to the effect seen with H2O2, the increase in H2 concentration is attributed 
to the reduction in the concentration of •OH.  
 The approximate rate solutions discussed in water radiolysis with initially dissolved 
O2 are summarized in Figure 5.10.  
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5.3.3 Effect of Dose Rate on Water Radiolysis Kinetics 
In the DGR environment, the dose rate that the UFC will be exposed to can be 
anywhere from high to low dose. For a 10 year-old fuel, dose rate inside the container is ~ 
51 Gy·h−1 while outer surface will receive 2.3 Gy·h−1 [2].  These dose rates however, can 
be higher or lower depending on how early or how late the authorities will finally decide 
to encapsulate the used fuel. Dose rate is one of the key parameters affecting the steady-
state concentration of water radiolysis products [3]. A previous report by Joseph et al. 
calculated the steady-state concentration of water radiolysis products as a function of dose 
rate [3]. Figure 5.11 presents the steady-state concentrations for molecular and radical 
products in pH 6.0 and 10.6 at various dose rates.  The slopes of log-log plots in Figure 
5.11 are very close to 1/2 for radical species and slightly smaller than 1/2 for molecular 
species. This indicates that steady-state concentrations of radiolysis products have 
approximately square-root dependences on the dose rate. 
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Figure 5.11: Full-model predictions for the steady-state concentrations of radical 
and molecular products as a function of dose rate at pH 6.0 and 10.6 under 
deaerated conditions. Figure taken from reference [3], with permission. 
One of the main applications of kinetic modelling is to accurately predict the key 
radiolysis products that can have an impact on material degradation.  This thesis, in general, 
mainly focuses on the condition expected under the DGR environment, where dose rate 
may not be in the kGy·h−1 range but Gy·h−1. Predicting the chemical environment under 
the continuous flux of ionizing radiation over the long term (say 1000 years) where the 
UFC will be exposed to is very useful. Moreover, predicting the behaviour of UFC 
materials over this long period requires knowledge of the type and amount of oxidant 
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present. The steady-state concentration provides information about the chemical 
environment expected during irradiation. Most of the materials performance tests where 
the effects of the ionizing radiation need to be simulated are performed with chemically-
added oxidants (e.g. H2O2) in the amount similar to their steady-state concentration. For 
modelling of corrosion rates over a long period, a proper concentration of oxidants from 
radiolysis processes should be used.  
At a lower dose rate similar to those expected in the DGR, one can estimate steady-
state concentrations using extrapolated concentration from Figure 5.11, the product 
concentration square-root dependence on dose rate. This may be okay when only 
estimating the steady-state concentration at a later time. However, if intending to use to 
model corrosion dynamics at lower dose, steady-state values may not be appropriate. 
Figure 5.12 supports this claim. The water radiolysis behaviour at high and low dose rate 
is shown in Figure 5.12. The three kinetic stages at high and low dose rates share similar 
reaction processes but are stretched and shifted in their respective timescales. The 
radiolysis system attained their steady state differently depending on the dose rate. At 
higher dose rate, steady-state was reached after 10−2 h, a way quicker than at lower dose 
rate where steady-state was reached after 10 h, Figure 5.12. Corrosion is relatively a slow 
process and is not expected to occur at 10−2 h. Corrosion reactions compared to solution 
radiolysis kinetics would not likely affect the steady-state concentration of radiolysis 
species produced at high dose rate. However, when the dose rate used is low, radiolysis 
species production can be influenced by competing corrosion reactions, such as depicted 
in Figure 5.12b. When utilizing the radiolysis kinetic model prediction, e.g. in modelling 
corrosion dynamics, it is important to use the appropriate rate equation relevant to the 
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timescale when corrosion reactions become important and not just steady-state 
concentration. More details on the effect of corrosion reaction coupled to radiolysis kinetics 
are presented in the last section. 
 
Figure 5.12: Model predictions of water radiolysis behaviour at a dose rate of 
4 kGy·h−1 (a) and 5 Gy·h−1 (b).  
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5.3.4 Effect of Temperature (T ≤ 80 ºC) on Steady-State Water 
Radiolysis Kinetics 
 The effect of temperature on the steady-state concentration of the radiolysis 
products was studied in the range of 25 to 80 C. The model prediction for the time-
dependent behaviour of water radiolysis products from 25 to 80 C is shown in Figure 5.13. 
In the earlier studies on the effect of temperature, it was found out that there is a small but 
measurable effect of temperature on the initial yields [11]. Over the temperature range 
studied, a very minimal change in the steady-state concentration of the radiolysis products 
was observed. In the range of temperature studied in this work, the temperature does not 
influence the rate constant to change significantly. This is consistent in our understanding 
that at temperature <100 oC g-values have negligible dependence. The Arrhenius 
dependence of elementary chemical reaction rate constants within the studied temperature 
range also does not have strong temperature dependence. A rough estimation in the change 
in activation energy from 25 to 80 oC shows only a factor of 3 increase in the rate constant. 
This is considered a small change and will not affect the reaction kinetics.  If there are any 
noticeable changes, it is mainly due to the decrease in O2 solubility as temperature 
increases.  
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5.3.5 Sensitivity Analysis 
One of the main goals of this thesis is to develop a simplified rate equation that can 
describe the radiolysis behaviour of key radiolysis products. Figures 5.9 and 5.10 
summarized the approximate solutions for each stage of the individual species. In this 
section, several steady-state approximate solutions and more simplified rate equations 
(without some of the key reactions involved) are compared to see how much their 
contribution are to the overall rate. The simplified approximate solutions were further 
tested and validated by comparing to the full-model prediction and the experimentally 
measured value as presented in Table 5.3. 
Table 5.3 Comparison of steady-state approximate solutions, full-model predictions and 
experimental measurements of radiolysis of ‘pure’ water at pH 6.0 at 25 oC and dose rate 
of 2.3 kGy·h−1. 
 
Deaerated 
(mol∙dm−3) 
Aerated 
(mol∙dm−3) 
(a) [H2O2]ss    
(Eq. 5.35) Simplified form 
  
3.0 × 10−5 1.6 × 10−4 
(Eq. 5.26)
 
4.0 × 10−5 2.6 × 10−4 
(Eq. 5.36)
 
1.5 × 10−5 1.3 × 10−4 
Full-model prediction [H2O2]ss  1.5 × 10−5 1.3 × 10−4 
Experimental measurement [H2O2]ss 1.7 × 10−5 1.4 × 10−4 
   
(b) [H2]ss   
(Eq. 5.37) Simplified form 
 
4.8 × 10−6 1.7 × 10−5 
[ 
 
 
 
]𝑆𝑆 ≈
10−6 ∙(𝑔𝐻2𝑂2
+ 𝑔•OH)∙𝐷𝑅∙𝜌𝐻2𝑂
𝑘6 [•𝑒𝑎𝑞
− ]
𝑆𝑆
 +  𝑘18 [•𝑂𝐻]𝑆𝑆  
  
[ 
 
 
 
]𝑆𝑆 ≈
10−6 ∙(𝑔𝐻2𝑂2
+ 𝑔•OH)∙𝐷𝑅∙𝜌𝐻2𝑂
+ 𝑘𝑅33 [•𝐻𝑂2 ]
𝑆𝑆
 [•𝑂2
−]𝑆𝑆 
𝑘6 [•𝑒𝑎𝑞
− ]
𝑆𝑆
 +  𝑘18 [•𝑂𝐻]𝑆𝑆 
  
[H
2
O
2
]𝑆𝑆  ≈
10−6 ∙(𝑔𝐻2𝑂2
)∙𝐷𝑅∙𝜌𝐻2𝑂
+ 𝑘𝑅33 [•𝐻𝑂2 ]
𝑆𝑆
 [•𝑂2
−]𝑆𝑆 
𝑘6 [•𝑒𝑎𝑞
− ]
𝑆𝑆
 +  𝑘18 [•𝑂𝐻]𝑆𝑆 
  
[ 
 
]𝑆𝑆 ≈
10−6 ∙𝑔𝐻2
∙𝐷𝑅∙𝜌𝐻2𝑂
𝑘19 [•𝑂𝐻]𝑆𝑆  
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(Eq. 5.23b)  
 
11 × 10−6 4.1 × 10−5 
Full-model prediction H2(aq) 4.4 × 10−6 1.6 × 10−5 
(Eq. 5.38) 
 
13 × 10−5 42 × 10−5 
Full-model prediction H2(g) 9.2 × 10−5 28 × 10−5 
Experimental measurement H2(g)  8.0 × 10−5 7.0 × 10−5 
   
(c) [•eaq−]ss   
(Eq. 5.28)  
 
1.8 × 10−13 2.0 × 10−14 
(Eq. 5.39)  
 
2.5 × 10−13 2.7 × 10−14 
(Eq. 5.40)  
 
1.8 × 10−13 2.0 × 10−14 
(Eq. 5.31) for initially aerated solution (2.5 × 10−4 M O2) 
[• 𝑒𝑎𝑞
− ]𝑆𝑆 ≈
10−6 ∙𝑔•𝑒𝑎𝑞− ∙𝐷𝑅∙𝜌𝐻2𝑂
𝑘5 [𝑂2]0  
 
-- 3.0 × 10−14 
Full-model prediction [•eaq−]ss  1.8 × 10−13 2.0 × 10−14 
   
(d) [•OH]ss   
(Eq. 5.30)  
 
1.3 × 10−10 3.2 × 10−11 
(Eq. 5.41)  
 
2.2 × 10−10 15 × 10−11 
Full-model prediction [•OH]ss 1.5 × 10−10 4.0 × 10−11 
   
  
The calculation using the steady-state approximate solution showed very consistent 
results with the full-model prediction and the experimental value. Steady-state 
approximation of radical species is almost identical to the full-model calculation. The H2O2 
[ 
 
]𝑆𝑆 ≈
10−6 ∙(𝑔𝐻2
+𝑔•H)∙𝐷𝑅∙𝜌𝐻2𝑂
𝑘19 [•𝑂𝐻]𝑆𝑆  
  
[ 
 
(g)]
𝑆𝑆
 ≈   𝜐𝑖𝑛𝑡
𝐻2   
𝐴𝑖𝑛𝑡
𝑉𝑔
(
10−6 ∙𝑔𝐻2
∙𝐷𝑅∙𝜌𝐻2𝑂
𝑘19 [•𝑂𝐻]𝑆𝑆  
) (t - 𝑡𝑆𝑆) 
[• 𝑒𝑎𝑞
− ]𝑆𝑆 ≈
10−6 ∙𝑔•𝑒𝑎𝑞−
∙𝐷𝑅∙𝜌𝐻2𝑂
𝑘6 [𝐻2𝑂2]𝑆𝑆+ 𝑘5 [𝑂2]𝑆𝑆 + 𝑘40𝑓 [𝐻
+]𝑆𝑆  
  
[• 𝑒𝑎𝑞
− ]𝑆𝑆 ≈
10−6 ∙𝑔•𝑒𝑎𝑞−
∙𝐷𝑅∙𝜌𝐻2𝑂
𝑘5 [𝑂2]𝑆𝑆 +𝑘40𝑓 [𝐻
+]
𝑆𝑆
 
  
[• 𝑒𝑎𝑞
− ]𝑆𝑆 ≈
10−6 ∙𝑔•𝑒𝑎𝑞−
∙𝐷𝑅∙𝜌𝐻2𝑂
𝑘6 [𝐻2𝑂2]𝑆𝑆+ 𝑘5 [𝑂2]𝑆𝑆  
  
[• 𝑂𝐻]𝑆𝑆 ≈
10−6 ∙𝑔•𝑂𝐻∙𝐷𝑅∙𝜌𝐻2𝑂
𝑘20 [•𝑂2
−]𝑆𝑆 + 𝑘18 [𝐻2𝑂2]𝑆𝑆+ 𝑘19 [𝐻2]𝑆𝑆  
  
[• 𝑂𝐻]𝑆𝑆 ≈
10−6 ∙𝑔•𝑂𝐻∙𝐷𝑅∙𝜌𝐻2𝑂
𝑘20 [•𝑂2
−]𝑆𝑆  
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and H2 approximated steady-state concentrations are underestimated or overestimated but 
still within a factor of 2 from the full-model and experimental values. More simplified 
solutions were also used to approximate steady-state and still gave a good result. With the 
most simple equation, the calculated H2O2 concentration is overestimated by a factor of 2 
in deaerated condition and in very good agreement in the aerated condition. In H2, 
simplified rate equations also resulted in a very close value to that of the full-model both 
deaerated and aerated cases. Overall, all the approximate solutions presented in Table 5.3 
worked very well in predicting the steady-state concentrations of key radiolysis products.  
Since we have good confidence in the approximate solution developed in this work, 
depending on the time scale of interest these approximate solutions can be incorporated 
into the corrosion models to calculate the production rate of radiolysis products or the 
steady-state concentration of radiolysis products that can affect the corrosion of materials.    
5.3.6 Effect of HNO3 on the Steady-State Water Radiolysis Kinetics in 
a Droplet  
One possible scenario in the DGR is that humid air radiolysis will occur, producing 
HNO3 that could affect the corrosion of materials. Under humid conditions, it is expected 
that nitrate containing water droplet will form on the container surface. The water droplet 
will be subjected to irradiation and in addition, the HNO3 formed in the gas phase could 
dissolve into the water droplet. It is therefore important to understand how this HNO3 will 
affect the radiolysis kinetics of water. In this section, the development of an integrated 
humid-air and nitrate water radiolysis droplet model is described. It is based on the 
assumption that HNO3(g) formed by the radiolysis of humid air will dissolve into a water 
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droplet. The rate at which the HNO3(g) will deposit into the water droplet and become 
HNO3(aq) was determined from the earlier HARM model results presented in Chapter 4.  
The simplified rate equation for HNO3(g) production rate is:  
(
𝑑[HNO3(g)]𝑡
𝑑𝑡
) ≈ 𝑓𝑁𝑂2−𝑂𝐻 ∙ 𝑔•OH(g) ∙ 𝐷𝑅 ∙ 𝜌𝑔           (Eq. 5.42)  
𝑓𝑁𝑂2−𝑂𝐻 < 1.0 (in Chapter 4 fNO2-OH is about 0.8) but here we assume it is = 1 
where 𝑔•OH(g) is the g-value of •OH in the gas phase radiolysis (equivalent to 0.21 
µmolJ−1) and 𝜌𝑔 is the density of the humid air. 
The amount of HNO3 that will get into the water droplet is approximated using the  
HNO3(g) production rate (Eq. 5.42) × 100 (the ratio of the effective volume of the gas 
phase to the liquid phase) / droplet volume (Vaq). The radiolysis is then calculated using 
the nitrate WRM with key nitrate reactions involved tabulated in Table 5.2. 
The simulation results of water droplet radiolysis presented in Figure 5.14 showed 
that at the dose rate (1 Gy·h−1) close to that expected in the DGR, the NO3− that is 
introduced into the water droplet by the humid air radiolysis does not affect the water 
radiolysis kinetics behaviour. This is due to the low production rate of NO3− at low dose 
rate and as indicated in Chapter 4 the concentration of HNO3 is proportional to the dose 
rate. A simulation was also performed at a higher dose rate (data not presented) and the 
results show that H2O2 is the key radiolysis product formed. This could be because the rate 
of NO3− is slow and it will take time  for it to accumulate and have an impact on the water 
radiolysis. Previous work on radiolysis of nitrate-containing solution had used 1 x 10−3 M. 
At the dose rate of 1 kGy·h−1, it could take about 7 months for the NO3− to reach 1 x 10−3 M, 
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based on the effective gas phase mass transfer to liquid phase assumption in Chapter 4. It 
is much longer when the dose rate is 1 Gy·h−1, as it will take about 600 years to reach 1 x 
10−3 M. 
The main observable impact that the presence of NO3− has made is in the radiolysis 
behaviour of •O2− and •HO2.  The •O2− concentration decreases after the NO3− 
concentration becomes significant. The main removal path for NO3
− is the reaction with 
•eaq
−, however, in the presence of air (the condition where NO3
− is produced)  the main 
removal path for •eaq− is via reaction with O2. As a result, the reaction of NO3
− with 
•O2−  becomes important resulting in its slow conversion to NO2
−.   
•O2−
 + NO3
−  → [NO3
2− + H2O] →  •NO2 +  2OH
−  + O2
                    (R 5.42, 5.44) 
 2•NO2 + H2O →  NO3
−+  NO2
−  + H+                                     (R 5.47) 
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Figure 5.14: Effect of nitrate from humid air radiolysis on water radiolysis product 
behaviour at dose rate of 1 Gy·h-1 
5.3.7 Effect of a Corroding Surface on the Steady-State H2O2 
Concentration 
The water radiolysis model presented in the previous sections only deals with 
homogeneous solution reactions and do not include surface reaction when metal is present. 
In the presence of a metal, M, the oxidants are expected to be consumed on the metal 
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surface and the rate of metal corrosion with respect to radiolytic oxidant concentration is 
expressed as:  
−
𝑑[𝑀0]
𝑡
𝑑𝑡
|
𝑛𝑒𝑡
≈ 𝑘𝐶𝑂𝑅𝑅(𝑡) ∙ [𝑂𝑥]𝑡             (Eq. 5.43) 
 In assessing the effect of a radiolysis product on corrosion, competition between 
corrosion reactions and the solution reactions of the species must be taken into account.  
Earlier it was shown that the production of radiolysis species has distinct stages that are 
easily influenced by the change in pH, dissolved O2 and dose rate. It is therefore noteworthy 
to investigate if corrosion reactions will influence the steady radiolysis kinetics.  If the 
solution reactions of radiolysis products are strongly coupled with corrosion reactions, 
corrosion kinetics must be solved using detailed kinetic analysis. For example, the kinetics 
of corrosion of metal M due to H2O2 is: 
 M  +  H2O2  →  M
2+  +  2 OH−  (5.3) 
𝑑[M2+]
𝑡
𝑑𝑡
|
𝑐𝑜𝑟𝑟
=  𝑘𝑠𝑢𝑟𝑓−𝑟𝑥𝑛(𝑡) ∙ [H2O2]𝑡               (Eq. 5.44) 
where 𝑘𝑠𝑢𝑟𝑓−𝑟𝑥𝑛(𝑡) is the first-order rate coefficient for corrosion of M by H2O2.  During 
corrosion the concentration of H2O2 follows a different rate equation:   
𝑑[H2O2]𝑡
𝑑𝑡
|
𝑛𝑒𝑡
≈ 10−6𝑔𝐻2𝑂2 ∙ 𝜌𝑤 ∙ 𝐷𝑅  − (∑𝑘𝑗,𝐻2𝑂2 ∙ [𝑗]𝑡
𝑗
)
𝑠𝑜𝑙
∙ [H2O2]𝑡  
− 𝑘𝑠𝑢𝑟𝑓−𝑟𝑥𝑛(𝑡) ∙ [H2O2]𝑡          (Eq. 5.45) 
 
where 𝑘𝑗,𝐻2𝑂2 is the rate constant for the reaction of H2O2 with radiolysis species 
j.  
145 
 
 
We tested our model to understand how the steady-state H2O2 concentration will 
be affected in the presence of a corroding surface. This test was performed by first 
measuring the decomposition rate of H2O2 on a copper surface as a function of time. The 
plot of H2O2 decay is shown in Figure 5.15a. It was re-plotted as ln(concentration) versus 
time and the slope is the first order H2O2 decay rate constant, ksurf-rxn, due to surface reaction 
on copper, Figure 5.13b. 
 
Figure 5.15: Plot of H2O2 degradation as a function of time on Cu surface (a) and 
rate constant (ksurf-rxn) estimation by 1st order plot (b).  
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Figure 5.16: Simulation of the effect of corroding surface on radiolytically produced 
H2O2 behaviour at a dose rate of 5 Gy·h−1 (a) and 4 kGy·h−1 (b) in aerated condition.  
The effect of a corroding surface is presented in Figure 5.16. It can be seen that at 
a low dose rate, H2O2 concentration has decreased in the presence of a corroding surface. 
Although we mentioned that corrosion is a slow process, the above result is not surprising. 
The low dose rate used  resulted in a low production rate for H2O2, low enough that the 
H2O2 production rate easily matched the corrosion rate due to H2O2, thereby reaching 
steady-state sooner than without the metal present. At the higher dose rate on the other 
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hand, H2O2 removal by corrosion is way smaller than the H2O2 production rate thereby its 
impact on H2O2 steady-state concentration is negligible at early times. The corrosion effect 
is observed at a later time.  
The model simulation only considered the rate of H2O2 decay on a metal surface.  
In reality, the metal surface will be covered by oxides and the solution will be saturated by 
the metal during corrosion. There is no feedback reaction to stop or slow down the H2O2 
reaction on the metal surface that is used in this model. This could be the reason for the 
sudden decay of H2O2 at the later time after this reaction path for H2O2 removal became 
significant.  
5.4 Conclusions 
The water radiolysis model (WRM) was used to determine the production of key 
radiolytic species that are relevant for UFC corrosion. The time-dependent behaviour of 
each radiolysis product have shown 3 distinct periods of characteristic time dependences 
(kinetic stages) and finally reaching steady-state. Approximate rate solutions describing 
the behaviour at each kinetic stage for individual key radiolysis products were developed 
and tested by comparing with full model prediction.  This provided a better way of 
understanding how species are influenced by solution parameters such as pH and dissolved 
O2 and the dose rate received by the system. The effect of temperature on the radiolysis 
products was also investigated. The model prediction shows that temperature up to 80 oC 
relevant to the DGR condition has no impact on the steady-state radiolysis behaviour. This 
is because the g-values and rate constants have negligible dependence on temperature when 
148 
 
 
the temperature is less than medium (water) boiling point. The model prediction was 
further validated using experimental data.  
Condensation of water droplets on the container surface are being promoted due to 
the warm moist DGR environment. The HNO3(g) produced from the humid-air radiolysis 
is expected to dissolve in the condensed water on the UFC, which will change the pH and 
the nitrate concentration, thereby affecting the overall production rates of radiolytically 
produced oxidants. The impact of humid air radiolysis on water radiolysis kinetics was 
investigated by coupling the transfer kinetics of nitrate from the gas phase to the solution 
phase. The results show that the nitrate from HARM has no significant effect on the water 
radiolysis kinetics. This is because of the slow production of nitrate resulting in a quite low 
concentration within the modelled timescale.  
The steady-state kinetics of key oxidant species (H2O2) coupled with corrosion 
reactions was studied.  A net surface reaction rate constant (ksurf-rxn) was obtained from the 
H2O2 decomposition experiment on copper surface and was added as a removal path of 
H2O2 in the net H2O2 rate. The dose rate used played an effect on how corrosion reaction 
competes with the H2O2 production. At a low dose rate, model simulation results indicated 
that the steady-state concentration of H2O2 was less than without a metal present. The rate 
of H2O2 removal due to corrosion approached the H2O2 production rate, resulting in an 
earlier 𝜏𝑠𝑠(H2O2) than without the metal present. The effect at high dose rate is negligible at 
first because of the high production rate relative to the ksurf-rxn but became significant at the 
later time.  
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Chapter 6 
The Effect of Chloride on the Steady-State Water Radiolysis 
Kinetics 
6.1 Introduction 
As described in the previous chapters, the DGR environments to which the copper 
coating will be exposed will experience a sequence of four distinct stages: (1) an initial 
aerated period with no condensed H2O on the Cu surface, (2) a period of aerated vapour in 
equilibrium with a condensed H2O layer on the surface, (3) a transition period to fully 
water-saturated air and potentially oxidizing aqueous conditions, and (4) a final aqueous 
anoxic period after all the available O2 has been consumed by container corrosion and 
reactions with minerals and organic matter in the surrounding clay [1, 2].  The UFC will 
not necessarily be exposed to these stages in chronological order.  During the transport of 
the buffer box containing the UFC to the DGR, a crack could accidentally occur in the 
compacted bentonite, creating a pathway for the groundwater to penetrate and reach the 
copper surface.  Groundwater reaching the UFC surface will be subjected to a continuous 
flux of γ-radiation and will have a range of chemical ions dissolved in it.  One of the most 
common ions is chloride, which is naturally present, as groundwater can pass through salt 
deposits in Canadian rock.  The chloride concentration can be very low or extremely high.  
The main objective of this chapter is to determine the effect of chloride on the steady-state 
water radiolysis kinetics.  This will allow a more accurate assessment of the effects of the 
radiolytic oxidants that can potentially influence the corrosion of the UFC.   
151 
 
 
Water, when exposed to gamma () radiation, decomposes to form reactive radical 
species and stable molecular products designated as primary radiolysis products [3-7] (R 
6.1).   
 H2O  •OH, •eaq−, •H, H2, H2O2, H+                    (6.1) 
Other reactive species such as O2 and •O2
– are also formed as secondary species 
from reactions of these primary radiolysis products. These include both highly oxidizing 
(e.g., •OH, H2O2, O2) and highly reducing (e.g., •eaq−, •O2−, •H, H2,) species.  The radiolysis 
products react rapidly with each other and water molecules (H2O, H
+ and OH−) and other 
solute molecules if present in solution.  Under continuous irradiation, these primary 
radiolysis products are formed continuously, and their concentrations reach pseudo-steady-
state levels quickly [7-10].  The steady-state concentrations of these species are crucial in 
controlling corrosion in a continuous irradiation environment, and their prediction under 
continuous irradiation requires consideration of about 40 elementary reactions as described 
in Chapter 5 [9-13].  
In Chapter 5, it was shown that the time required to achieve steady-state varies, 
with some reactions establishing equilibrium or catalytic cycles in solution very quickly (< 
1 ms); e.g., acid-base equilibria.  Coupled reaction cycles, such as (•eaq− + O2 → •O2−) with 
(•OH + •O2− → OH− + O2) can eliminate certain species (in this example, •eaq−and •OH) 
without affecting the concentration of other species involved (in this case O2).  Since other 
reactions become important at longer time scales, the concentrations of radiolysis products 
cannot be predicted simply by considering competition between individual reactions [9, 
10].  For this reason, pH and the type and concentration of solute species strongly influence 
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the steady-state concentrations of reactive species, while having only a small impact on 
primary radiolysis yields. 
Normally, groundwater has trace levels of chloride, but extremely saline 
groundwater conditions in a waste disposal vault are also possible (up to 5-6 M salt) [14].  
Hence the radiolysis of chloride solutions is an important aspect to consider in the 
assessment of the waste container integrity.  Depending on the chloride concentration, the 
radiolysis kinetics of chloride solution can have different results.  Studies on radiolysis of 
halide solutions have shown that the halide ions (X−) are generally inert towards the •eaq− 
and •H, but undergo rapid electron-transfer-type reactions with •OH to form •X2− in acidic 
condition [3, 15].  
 •OH + X−→   •XOH−                        (6.2) 
 •XOH−  +  H+  →  •X  +  H2O                      (6.3) 
 •X + X−   →   •X2−            (6.4) 
Dimerization of •X2− forms the halogen molecule (X2) or the ion (X3−) [3].  
 •X2−  +  •X2−
     →    X2 + 2 X−
 or X3−+ X−                       (6.5) 
 Radiolysis of a high chloride concentration solution can produce primary chlorine 
products as shown in 6.6, in addition to the water radiolysis products (6.1). 
 Cl−  •Cl2−
 , •ClOH−, Cl3−                      (6.6) 
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In high chloride solutions, direct ionization of Cl− after irradiation produces •Cl that reacts 
with Cl− to form •Cl2−.  The chlorine radicals can also be formed by electron transfer 
reaction between Cl− and H2O
+ within the spurs, at very short times (~10−11 s) [3]. 
 Cl−  •Cl  +  e−                       (6.7) 
 H2O
+ + Cl−→   •Cl + H2O                      (6.8) 
 •Cl + Cl−   →   •Cl2−  
                           (6.9) 
 In comparison, in low chloride concentration solutions, the chlorine species •Cl2−  
are formed at timescale <100 ns after •OH is homogeneously distributed in the bulk 
solution via reactions (6.2) to (6.4).  The timescale during which •Cl2−
 is produced differs 
greatly between these two cases, which could have a significant impact on the steady-state 
kinetics of the other radiolysis species and the subsequent chloride related species.  In this 
chapter, the effect of chloride on steady-state water radiolysis kinetics is studied in detail. 
6.2 Methodology 
6.2.1 Experimental Procedure 
Solutions containing chloride (NaCl, Sigma) were prepared as described in detail 
in Section 3.2.1. Prior to the experiment, the solution was purged with argon or compressed 
air (Praxair) for an hour.  The headspace gas to aqueous volume ratio in all the vials was 
maintained at 1:1 with an aqueous-gas interfacial area of 3.14 cm2, which corresponds to 
the cross-sectional area of the vials.  
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Irradiations were carried out at an absorbed dose rate of 2.3 or 3 kGyh−1 over a 
total period of 70 h.  Individual test vials were removed from the 60Co gamma cell at 
specified time intervals and analyzed for the stable molecular water radiolysis products 
H2O2, H2, and O2 by UV-visible spectrophotometry and gas chromatography, as described 
in Section 3.2.4.1 
6.2.2 Radiolysis Model 
The chloride concentration in Canadian sedimentary groundwater can be as high as 
5 to 6 M [14].  But it is also possible to have groundwater with low chloride concentration 
or without any chloride. The radiolysis model for low chloride solution was simply an 
extension of the liquid water radiolysis model (Chapter 5) with the addition of the reaction 
set containing 44 elementary reactions containing Cl− species (Table 6.1).  The rate 
constants for these reactions were taken from the literature [16, 17]. We refer to this model 
as the groundwater radiolysis model (GWRM).    
Solutions containing highly concentrated Cl− require a different radiolysis kinetic 
model. This is because with sufficiently high Cl− concentration, the Cl− ion will directly 
interact with the -photons and Compton-scattered electrons [3] and therefore the primary 
radiolytic yields of chloride species also need to be considered along with the primary 
water radiolysis products. The yields of the primary water radiolysis products in the 
presence of high chloride concentration will also be different for each chloride 
concentration, as shown in Table 6.1.  The radiolysis model for high chloride concentration 
solutions is similar to the GWRM but with different g-values for the primary radiolysis 
products (R 6.1a-j) Table 6.1 [16].  The evolution of these coupled reactions was solved 
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using the commercial software FACSIMILE.  Model calculations were performed as a 
function of [Cl−], dose rate (DR), and different cover gas environments at 25 oC. The model 
was then used to predict the potentially important oxidant species that can affect the 
corrosion of the UFC.   
Table 6.1: The g-values of the primary radiolysis species of water and chloride used in the 
saline water radiolysis model [9, 11, 16].   
g-values (molJ–1)  
Reaction 
No. 
Formation 
Reaction 
g-value 
0 M Cl– 2 M Cl– 3 M Cl– 4 M Cl– 5.3 M Cl– 
6.1a H2O → •eaq
– 0.27 0.38 0.39 0.40 0.40 
6.1b H2O → H
+ 0.27 0.13 0.06 0 0 
6.1c H2O → H• 0.06 0 0 0 0.01 
6.1d H2O → •OH 0.28 0.09 0.05 0.02 0.01 
6.1e H2O → H2 0.05 0.05 0.05 0.06 0.06 
6.1f H2O → H2O2 0.07 0.03 0.02 0.01 0.01 
6.1g H2O → OH
– 0 0 0 0.01 0.08 
6.1h Cl– → •Cl2
– 0 0.14 0.19 0.23 0.26 
6.1i Cl– → Cl3
– 0 0.05 0.07 0.09 0.11 
6.1j Cl– → •ClOH– 0 0.08 0.07 0.06 0.03 
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Table 6.2:  Reactions and rate constants involving water radiolysis and chloride species 
used in the ground and saline water radiolysis model [16, 18].   
Elementary Chemical Reactions  
 Chemical reaction 
rate constant* 
(25 C) 
(M−1s-1 or s-1) 
6.2 •eaq
– + •eaq
– + 2H2O → H2 + 2OH− 5.5 × 10
9 
6.3 •eaq
– + •H + H2O → H2 + OH− 2.5 × 10
10 
6.4 •eaq
– + •OH → OH− 3.0 × 1010 
6.5 •eaq
– + O2 → •O2− 2.22 × 10
10 
6.6 •eaq
– + H2O2 → OH−+ •OH 1.6 × 10
10 
6.7 •eaq
– + HO2• → HO2−
 1.3 × 1010 
6.8 •eaq
– + HO2− → •O− + OH− 3.5 × 10
9 
6.9 •eaq
– + •O− + H2O → OH− + OH− 2.2 × 10
10 
6.10 •H + •OH → H2O 7 × 10
9 
6.11 •H + •H → H2 7.75 × 10
9 
6.12 •H + O2 → HO2• 2.1 × 10
10 
6.13 •H + HO2• → H2O2 1.0 × 10
10 
6.14 •H + H2O2 → •OH + H2O 9.0 × 10
7 
6.15 •H + •O2− → HO2− 2.0 × 10
10 
6.16 •H + H2O → H2 + •OH 6.1 × 10
2  
6.17 •OH + •OH → H2O2 5.5 × 10
9 
6.18 •OH + H2O2 → HO2• + H2O 2.7 × 10
7 
6.19 •OH + H2 → H• + H2O 4.2 × 10
7 
6.20 •OH + •O2− → OH− + O2 8 × 10
9 
6.21 •OH + HO2• → H2O + O2 6 × 10
9 
6.22 •OH + HO2− → HO2•+ OH− 7.5 × 10
9 
6.23 •OH + •O− → HO2− 2.0 × 10
10 
6.24 •O− + H2O2 → •O2− + H2O 2 × 10
8 
6.25 •O− + H2 → H• + OH− 8.0 × 10
7 
6.26 •O− + HO2− → •O2− + OH− 4.0 × 10
8 
6.27 •O− + •O2− → 2OH−+ O2 6.0 × 10
8 
6.28 •O− + O2 → •O3− 3.8 × 10
9 
6.29 •O3− → O2 + •O− 3.0 × 10
2 
6.30 •O3− + H2O2 → •O2− + O2 + (H2O) 1.6 × 10
6 
6.31 •O3− + HO2− → •O2−+ O2 + OH− 8.9 × 10
5 
6.32 •O3
− + H2 → O2 + H• + OH− 2.5 × 10
5 
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6.33 HO2• + •O2− → HO2− + O2 8.9 × 10
7 
6.34 HO2• + HO2• → H2O2 + O2 2.0 × 10
6 
6.35 H2O2 → •OH + •OH 2.3 × 10
-7 
Equilibrium Reactions 
 Reaction Keq 
6.36 H2O  H+ + OH− 9.86 × 10
-15 
6.37 H2O2  H+ + HO2− 1.6 × 10
-12 
6.38 HO2•  H+ + •O2− 1.5 × 10
-5 
6.39 •OH  H+ + •O− 1.6 × 10-12 
6.40** •H  H+ + •eaq
– 2.80 × 10-10 
Reactions and Rate Constants Involving Chloride 
 Chemical Reaction 
rate constant* 
(25 C) 
(M−1s-1 or s-1) 
6.41 •OH + Cl
−
  → •ClOH
−
 4.3 10
9
 
6.42 •OH + HClO → •ClO + H2O 9  10
9
 
6.43 •OH + HClO2 → •ClO2 + H2O 6.3  10
9
 
6.44 •eaq−
 
+ •Cl → Cl
− 
+ H2O 1  10
10
 
6.45 •eaq− + •Cl2− → 2Cl
− 
+ H2O 1  10
10
 
6.46 •eaq− + •ClOH− → Cl−
 
+ OH− + H2O
 
1  10
10
 
6.47 •eaq− + HClO → •ClOH−+ H2O 5.3  10
10
 
6.48 •eaq− + Cl2 → •Cl2− 1  10
10
 
6.49 •eaq− + Cl3− → •Cl2−+ Cl− + H2O 1  10
10
 
6.50 •eaq− + HClO2 → •ClO
 
+ OH− +H2O 4.5  10
10
 
6.51 •eaq− + HClO3 → •ClO2
 
+ OH− +H2O 4.0  10
6
 
6.52 •H  + Cl → Cl−
 
+ H+ 1 10
10
 
6.53 •H
 
+ •Cl2− → 2Cl−+ H
+ 8  10
9
 
6.54 •H + •ClOH− → Cl− + H2O 1  10
10
 
6.55 •H + Cl2 → •Cl2− + H
+ 7  10
9
 
6.56 •H + HClO → •ClOH− + H+ 1  10
10
 
6.57 •H 
 
+ Cl3− → •Cl2−+ Cl
−
 + H+ 1  10
10
 
6.58 •HO2
 
+ •Cl2
−
 → 2Cl
−
 
+ O2 +H
+ 4  10
9
 
6.59 •HO2
 
+ Cl2 → •Cl2−
 
+ O2 +H
+ 1  10
9
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6.60 •HO2
 
+ Cl3− → 
•Cl2−
 
+ Cl− + O2 
+H+ 1  10
9
 
6.61 •O2− + •Cl2− → 2Cl
− 
+ O2 2  10
10
 
6.62 •O2− + HClO → •ClOH−+ O2 7.5  10
6
 
6.63 H2O2 + •Cl2− → 2Cl−
 
+ •O2− + 2H
+ 1.4  10
5
 
6.64 H2O2 + Cl2 → •Cl2−+ •HO2 + H
+ 1.9  10
2
 
6.65 H2O2 + HClO → 
Cl− + O2 + H
+ + 
H2O 
1.7  10
5
 
6.66 •Cl2−+ OH− → •ClOH− + Cl− 7.3  10
6
 
6.67 Cl2  + OH− → HClO + Cl− 3.88  10
11
 
6.68 •ClOH
−
 +  H+ → •Cl + H2O 2.1  10
10
 
6.69 Cl2O2 + H2O → HClO + HClO2 2  10
2
 
6.70 Cl2O2 + H2O → 
HClO + H+ + Cl−  
+ O2 
1  10
2
 
6.71 Cl2O + H2O → 2 HClO 1  10
2
 
6.72 Cl2O4 + H2O → HClO2 + HClO3 1 10
2
 
6.73 Cl2O4 + H2O → 
HClO
 
+ Cl− + H+ + 
O4 
1  10
2
 
6.74 O4  → O2 + O2 1 10
5
 
6.75 Cl− + •Cl → Cl2− 2.1 10
10
 
6.76 Cl− + •ClOH− → •Cl2
−
 + OH− 9 10
4
 
6.77 Cl− + HClO → Cl2 + OH− 1 10
10
 
6.78 Cl− + Cl2 → Cl3
−
 1 10
4
 
6.79 •ClOH− → •OH + Cl
−
 6.1 10
9
 
6.80 •Cl2− → Cl + Cl− 1.1 10
5
 
6.81 •Cl2− + •Cl2− → Cl− + Cl3− 7 10
9
 
6.82 Cl3− → Cl2 + Cl− 5 10
4
 
6.83 •ClO + •ClO → Cl2O2 1.5 10
10
 
6.84 •ClO2 + •ClO2 → Cl2O4 1 10
2
 
6.85 Cl2O2 + HClO2 → HClO3 + Cl2O 1 10
2
 
*  The 2nd order rate constants are in units of M−1s-1 and the pseudo 1st-order rate constants are in 
unit of s-1. Although H2O is shown in the reaction equation for chemical balance the chemical 
activity of H2O in the aqueous solution is 1.0 and does not change with reaction time. 
** The forward and the reverse rate constants of this equilibrium have been determined 
independently, and they are slower than those of the other acid-base equilibria. Hence, their 
values are specified. The Keq of the reaction is 𝑘40𝑓 𝑘40𝑟⁄ , where k40f = 0.63 × 10
1 and 
k40b = 2.25 × 1010.  
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6.3 Results and Discussion 
6.3.1 Ground Water Radiolysis Model (Low Chloride Solution) 
 The time-dependent concentration profile of species produced in pure water and 
chloride-containing solution during γ-irradiation was calculated using the reaction set listed 
in Tables 6.1 and 6.2. 
6.3.1.1 Time-Dependent Behaviour of Low Chloride Solution Radiolysis Products 
Model prediction of low [Cl−] (10−2 and 10−3 M) and pure water systems exposed 
to dose rates of 5 and 0.5 Gy·h−1 are presented in Figure 6.1.  A comparison between the 
two dose rates showed no significant difference in the steady-state concentrations of the 
radiolytic species except for the time at which these species reach steady-state.  Species 
produced at 5 Gy·h−1 reach steady-state sooner than those at the lower dose rate of 0.5 
Gy·h−1.  The radiolysis products formed are very similar to those in pure water but with the 
addition of new chlorine-containing species (HOCl, ClO2−, ClO3−) resulting from the 
chloride reactions.  Comparison of the model prediction results for pure water and low 
chloride solutions shows similar time-dependent behaviour of the radiolysis products for 
Stage I, Stage II and Stage III as described in Chapter 5. The concentrations of H2O2, H2 
and O2 were almost identical except for the presence of the oxychloride species in the 
chloride solutions (Figure 6.1).  Although oxychloride species are produced, the calculation 
results show that the sum of [H2O2] and [O2] is much higher than the sum of the oxychloride 
species ([HOCl] + [ClO2−] + [ClO3−]), indicating that H2O2 and O2 are the main oxidants 
that should be considered for copper corrosion in the DGR.  Both species are oxidizing and 
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are found to be detrimental to the copper coating.  Between these two oxidants, H2O2 is 
stronger and kinetically more effective oxidant than O2 and will have more impact on 
corrosion. Although the concentration of O2 is 2-3 times higher than the H2O2, it is known 
that O2 solubility decreases dramatically in high chloride concentration solutions, hence 
making O2 less effective than H2O2 [19].  
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. 
Figure 6.1:   Concentrations of key radiolysis products formed during -radiolysis 
of deaerated 0 M, 0.001 M and 0.01 M Cl− at 25 oC, pH 8.0 and dose rates of (a) 5 
Gy·h−1 and (b) 0.5 Gy·h−1. 
The main reaction pathways in chloride solutions are summarized in the last section 
of this chapter.  The chloride ions react with the water radiolysis product •OH to form 
•e
-
aq
H
2
O
2
H
2
O
2
•O
-
2
ClO
-
3
ClO
-
2
•OH
HOCl
- 6
- 8
-10
-12
-14
-7 -5  -3 -1 1 3 5
H
2
O
2
H
2
O
2
•O
-
2
•OH
•e
-
aq
- 6
- 8
-10
-12
-14
-7 -5  -3 -1 1 3 5-7
•e
-
aq
H
2
O
2
H
2
O
2
•O
-
2
•OH
-14
-5  -3 -1 1 3 5
-12
-10
- 8
- 6
•e
-
aq
H
2
O
2
H
2
O
2
•O
-
2
•OHHOCl
ClO
-
2
ClO
-
3
- 6
- 8
-10
-12
-14
-7 -5  -3 -1 1 3 5
•e
-
aq
H
2
O
2
H
2
O
2
ClO
-
3
•O
-
2
ClO
-
2
HOCl
•OH
- 6
- 8
-10
-12
-14
-7 -5  -3 -1 1
0.01 M Cl−
0.001 M Cl−0.001 M Cl−
Pure H2O
(a) 5 Gy/h (b) 0.5 Gy/h
Pure H2O
•e
-
aq
H
2
O
2
H
2
O
2
•O
-
2
ClO
-
3
ClO
-
2
•OH
HOCl
-7 -5  -3 -1 1
-14
-12
-10
- 8
- 6 0.01 M Cl
−
L
o
g
1
0
(c
o
n
c
./
m
o
l·
d
m
−3
)
L
o
g
1
0
(c
o
n
c
./
m
o
l·
d
m
−3
)
L
o
g
1
0
(c
o
n
c
./
m
o
l·
d
m
−3
)
Log10(time / h) Log10(time / h)
L
o
g
1
0
(c
o
n
c
./
m
o
l·
d
m
−
3
)
L
o
g
1
0
(c
o
n
c
./
m
o
l·
d
m
−
3
)
L
o
g
1
0
(c
o
n
c
./
m
o
l·
d
m
−
3
)
162 
 
 
•ClOH− (R 6.41) after about 100 ns, when the radiolysis species have become 
homogenously distributed in the bulk solution. The species •ClOH− is a short-lived 
intermediate and an oxidizing agent. Several reaction pathways are possible for •ClOH− (R 
6.46, R 6.54, R 6.68, R 6.76, R 6.79), as shown in Table 6.2. Among these reactions, (R 
6.79) is quite fast that such a large proportion of the produced •ClOH− reverts to •OH and 
Cl−.  During this process however, some •ClOH−  reacts with Cl− to form •Cl2−.  The species 
•ClOH−  is known to decompose in acidic media to form •Cl, which then reacts with Cl− to 
form •Cl2− [3].  The radical •Cl2− is very reactive; it reacts with (•eaq− or •H or •HO2) leading 
to the reproduction of Cl−or can combine with itself to form Cl3−.  The reactions of •Cl2−  
with •eaq− or •H or •HO2 are fast; however, the solution concentrations of these three species 
are depleted due to their high reactivity and therefore these processes are not the 
predominant ones to consider.  Cl3− has a similar reaction path to that of Cl2−, in which it 
can react with (•eaq− or •H) to go back to •Cl2− and Cl− or split to form Cl2 and Cl−.  Under 
basic conditions, Cl2 can disproportionate to HOCl and Cl− (R 6.67). 
 •OH + Cl−   →   •ClOH−                                                     (R 6.41) 
 •ClOH−  +  Cl−  →  •Cl2−  +  OH−                     (R 6.76) 
 •Cl2−  + •Cl2−  
   →   Cl3−  +  Cl−
                                         (R 6.81) 
 Cl3−  →   Cl2  +  Cl−
                                                           (R 6.82) 
 Cl2  +  OH−   →    HOCl  +  Cl−                                        (R 6.67) 
There are further oxychloride species that can be produced via the radiolysis of 
chloride solutions.  Conversion of oxychlorides into higher oxidation states occurs through 
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the process of oxidation by •OH, dimerization and then disproportionation.  For example, 
HOCl formed in the solution does not persist long because it is either oxidized by •OH to 
form •ClO or reduced by H2O2 back to Cl−.  The •ClO radicals dimerize to form Cl2O2 
which then disproportionates to HOCl (Cl Ox # = +1) and ClO2− (Cl Ox # = +3) or to Cl− 
(Cl Ox # = -1) and HOCl (Cl Ox # = +1).   
 H2O2  +  HOCl   →    Cl−  +  O2  +  H
+  +  H2O                  (R 6.65) 
 HOCl  +  •OH  →    •ClO  +  H2O                                     (R 6.42) 
 •ClO  +  •ClO  →    Cl2O2                 (R 6.83) 
 Cl2O2  +  H2O   →    HOCl  +  HClO2                                       (R 6.69) 
 Cl2O2  +  H2O   →    HOCl  +  H
+  +  Cl−  +  O2               (R 6.70) 
HOCl is continually consumed and regenerated in a cyclic reaction pathway but 
will diminish over time because the reaction rates of its decomposition are much faster than 
its regeneration.  Meanwhile, ClO2− is involved in a similar cyclic process involving 
oxidation by •OH and recombination of intermediates, followed by disproportionation to 
ClO2− and ClO3−.  Chlorite (ClO2−) can also be directly oxidized to ClO3− by Cl2O2 at a 
very low rate.  
 HClO2  +  •OH  →    •ClO2  +  H2O                     (R 6.43) 
 •ClO2  +  •ClO2  →    Cl2O4                                                    (R 6.84) 
 Cl2O4  +  H2O   →    HClO2  +  HClO3                                  (R 6.72) 
 Cl2O4  +  H2O   →    HOCl  +  H
+  +  Cl−  +  O4                    (R 6.73) 
 HClO2  +  Cl2O2  →    HClO3  +  Cl2O                                 (R 6.85) 
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6.3.1.2 Effect of O2(aq) on H2O2 and H2 Production in Low Chloride Solution 
Radiolysis 
In the previous chapter, it was shown that O2 initially dissolved in the solution has 
a significant effect on the concentrations of the molecular products H2O2 and H2.  In this 
chapter, we investigate the role of O2 in the radiolysis chemistry of chloride-containing 
solutions.  Two sets of experiments were performed:  the first in a fully aerated solution 
and the second in a low O2 environment.  The dissolved O2 concentration in a fully aerated 
solution was estimated to be 2.5 × 10−4 moldm−3, based on the equilibrium coefficient for 
aqueous-gas phase partitioning of O2 at 25 
oC and 1 atm [3].  The effect of initially 
dissolved O2 on the steady-state concentrations of [H2O2]ss and [H2]ss is shown in Figures 
6.2 and 6.3.  The measured steady-state concentrations of H2O2 in aerated pure water, 1 
mM chloride and 10 mM chloride solutions reached ~1.3±0.1 × 10−4 moldm−3, ~1.2±0.1 
× 10−4 moldm−3 and ~1.23±0.05 ×10−4 moldm−3, respectively.  The steady-state hydrogen 
gas concentration was ~6.4±0.8 × 10−5 moldm−3 in pure water, ~6.7±0.3 × 10−5 moldm−3 
in 1 mM chloride solution and ~1.4±1.0 x 10−4 moldm−3 in 10 mM chloride solution.  In 
a low O2 experiment (2% O2/balance argon), the dissolved O2 could reach 2.5 × 10
−5 
moldm−3, an order of magnitude less than in fully aerated experiments.  The measured 
steady-state H2O2 concentrations reached ~1.3±0.3 × 10
−5 moldm−3, ~1.4±0.3 × 10−5 
moldm−3 and ~1.2±0.4 × 10−5 moldm−3 for pure water, 1 mM and 10 mM chloride, 
respectively.  The hydrogen gas concentrations were ~7.2±1.0 × 10−5 moldm−3, ~7.0±5.0 
× 10−5 moldm−3 and ~2.2±0.8 × 10−4 moldm−3 for pure water, 1 mM and 10 mM chloride, 
respectively. 
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These experimental results were used to further validate the computational 
simulations using the sets of elementary reactions in the GWRM. The GWRM predictions 
were in good agreement with the experimental data, confirming that the model can 
sufficiently describe the radiolysis behaviour (Figures 6.2 and 6.3). The calculated [H2O2]ss 
concentrations are consistent with the experimental measurements in all low chloride 
solution concentrations for both fully aerated (Figure 6.2) and low O2 (Figure 6.3) 
solutions.  The presence of chloride (in low concentrations) did not influence the steady-
state kinetics of H2O2 in aerated solutions, but a slight increase in [H2O2]ss at a chloride 
concentration of 0.01 M in the low O2 environment was observed.     
The overall effect of initially dissolved O2 in the system on radiolytically produced 
[H2O2]ss is consistent with previous studies and as described in Chapter 5 [9].  The [H2O2]ss 
concentration in the fully aerated solution is higher than in the low O2 solution by one order 
of magnitude.  H2O2 is a primary radiolysis product and is continuously produced in the 
solution at a constant rate.  Its main decomposition path is via reaction with •OH and •eaq−.  
 H2O2  +  •eaq−
    →   •OH + OH−              (R 6.6) 
 H2O2  +  •OH   →    HO2 • + H2O
                                       (R 6.18) 
However, in fully aerated solutions where O2 is abundant, the reaction of O2 with 
•eaq− is significant.  O2 is known to scavenge •eaq−, producing •O2− which then reacts with 
•OH to regenerate O2.  These reactions are cyclic with no net consumption of O2.  
 O2  +  •eaq−
    →   •O2−
                                                         (R 6.5) 
 •O2−
   +  •OH    →   OH−  +  O2
                                           (R 6.20) 
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As the cyclic reactions continue, it resulted to the decrease in the [•eaq−]ss and 
[•OH]ss concentrations, which are the main species that decompose H2O2, thus increasing 
the [H2O2]ss concentration. The inverse relationship of these two radicals with H2O2 is 
expressed as: 
[H2O2]𝑆𝑆 ≈
10−6 ∙𝐺𝐻2𝑂2 ∙𝐷𝑅∙𝜌𝐻2𝑂
𝑘6 ∙ [•𝑒𝑎𝑞
− ]𝑆𝑆 + 𝑘18 ∙ [•𝑂𝐻]𝑆𝑆
                         (Eq. 6.1) 
Model simulation results for [H2]ss in the low O2 chloride solutions were consistent 
with the experimental data; however, in fully aerated solutions, the experimental [H2]ss 
values were a factor of ~3 lower than predicted by the model. Generally, aerated solutions 
have higher [H2]ss due to the lower concentration of •OH when O2 is present, due to 
reactions 6.5, 6.20 and 6.19.  [H2]ss tends to increase for both aerated and low O2 conditions 
as the chloride concentration increases. This increase in [H2]ss can be attributed to the 
reduction in [•OH]ss due to the competing reaction with halides (R 6.41).  The H2 
concentration is inversely proportional to [•OH]ss, as predicted by Equation 6.2. 
 H2 +  •OH →  •H + H2O
                                                            (R 6.19) 
 [H2]𝑆𝑆 ≈
10−6 ∙𝐺𝐻2 ∙𝐷𝑅∙𝜌𝐻2𝑂
 𝑘19 ∙ [•𝑂𝐻]𝑆𝑆
               (Eq. 6.2) 
Cl− contributes to a decrease in the concentration of •OH (R 6.2), similarly to the 
effect of O2, where it slows down the decomposition of H2O2 and H2 by causing a decrease 
in [•eaq−]ss and [•OH]ss.  In fully aerated environments, the impact of a low chloride 
concentration on the [H2O2]ss and [H2]ss is negligible compared to the catalytic effect of 
O2.  The effect of chloride on water radiolysis is observable in 0.01 M chloride in low O2 
environments (Figure 6.3), where O2 is not predominantly available.  
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Figure 6.2:   H2O2 (a) and H2 (b) concentrations as a function of irradiation 
time for pure water and low chloride concentration solutions in aerated conditions 
at 25 oC and dose rate 2.3 k Gy·h−1.  The symbols represent the experimental data, 
and the lines are the GWRM simulation results. 
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Figure 6.3:   H2O2 (a) and H2 (b) concentrations as a function of irradiation time 
for pure water and low chloride concentration solution in a low O2 environment at 
25 oC and dose rate 2.3 k Gy·h−1.  The symbols represent the experimental data, and 
the lines are the GWRM simulation results. 
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6.3.1.3 Effect of Chloride Concentration on Key Radiolysis Products 
A summary of the key radiolysis products, based on the full model analysis of the 
different low chloride solutions, is shown in Figure 6.4.  The results indicate that the steady-
state concentrations of H2O2, H2 and O2 increase, while the concentration of the 
oxychloride species ([HOCl] + [ClO2−] + [ClO3−]) keep increasing as the [Cl−] increases.  
The observed increase in the water radiolysis product concentrations is due to the depletion 
of •OH via reaction with Cl−.  As mentioned earlier, reaction with •OH is the main 
decomposition pathway for H2O2 and H2, and therefore a decrease in •OH concentration 
results in an increase in the H2O2 and H2 concentrations.  The increase in oxychloride 
species with increasing [Cl−] could be due to the higher rate of the reaction of Cl− with 
•OH, resulting in the formation of more •ClOH−, an intermediate for oxychloride species.  
However, this behaviour will not necessarily be observed in concentrated chloride 
solutions.  For these highly saline solutions, the probability of a -photon directly 
interacting with Cl− is high, and the primary radiolytic production of Cl− can affect the 
overall production of the radiolytic products.   
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Figure 6.4:   GWRM-simulated H2O2 (a) and HOCl (b) concentrations as a 
function of irradiation time in different low chloride solutions at pH 8.0, 25 oC, de-
aerated conditions and a dose rate of 5 Gy·h−1.  (c) Steady-state concentrations of 
major radiolysis products as a function of chloride concentration. 
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is of concern, especially for chloride concentrations of greater than 1 M.  If salt deposits 
are present in the repository (which is highly probable [14]), then highly saline solutions 
could form, and the steady-state concentrations of the oxychloride species could become a 
significant problem.  It is therefore critical to study the radiolysis behaviour of high [Cl−] 
solutions to understand whether this observed trend continues. 
Figure 6.5 presents the predicted time-dependent behaviour of the key water-related 
and oxychloride species produced from the radiolysis of 3 M Cl− at 5 Gy·h−1 (a dose rate 
close to that expected in the repository).  The results showed some interesting stages during 
which conversion of oxidant species to different oxidant species is taking place.  The 
concentration of H2O2 initially increases linearly with irradiation time, until it reaches a 
pseudo-steady-state, followed by a sharp increase and the attainment of a second steady-
state.  During the time period when the concentration of H2O2 is at pseudo-steady-state, the 
concentrations of the oxychloride species are significant.  This suggests that the combined 
rate of removal of H2O2 by reaction with •Cl2− and HOCl becomes significant enough to 
match the H2O2 production rate, resulting in almost zero net change over time (steady-
state).  The hydrogen peroxide concentration starts to increase again during the period 
when oxychlorides (HOCl,→ HClO2 → HClO3) are being formed until it reaches a second 
steady-state.   
 H2O2  +  •Cl2−
    →   2 Cl−  +  •O2−
  +  2 H+                             (R 6.63) 
 H2O2  +  HOCl   →    Cl−  +  O2  +  H
+  +  H2O                    (R 6.65) 
Hypochlorous acid, as mentioned in the earlier section, is mainly produced as a by-
product of the disproportionation of •Cl3−  to Cl2 and Cl−.  This is clearly observed in their 
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similar time profile curves: Figure 6.5.  Radical species (•eaq− , •H, •O2−, •OH) react with 
HOCl but at a very low rate because of their low concentrations. Despite this, HOCl is 
eventually converted to ClO2− through a series of oxidation, dimerization and 
disproportionation reactions.  Chlorite then undergoes similar reactions, resulting in the 
production of ClO3−. 
 HOCl  +  •OH  →    •ClO  +  H2O                                        (R 6.42) 
 •ClO  +  •ClO  →    Cl2O2                                                  (R 6.83) 
 Cl2O2  +  H2O   →    HOCl  +  HClO2                                    (R 6.69) 
 Cl2O2  +  H2O   →    HOCl  +  H
+  +  Cl−  +  O2                    (R 6.70) 
This explains the observed increase in the concentration of H2O2 described above 
during the conversions HOCl,→ HClO2 → HClO3.  This process consumes •OH radicals 
which means less is available for the main removal path for H2O2. 
In summary, the stronger oxidant H2O2 is slowly converted to progressively weaker 
oxidants with time: H2O2  →  HOCl  →  HOCl2  →  HOCl3.  After the highest oxidation 
number of chlorine is reached, and the oxychloride species reaches steady-state, the 
concentration of H2O2 increases to steady-state as well. 
It is also interesting to note that this calculation is for deaerated solutions.  The build-
up of O2 as a secondary product is observed at tRAD  1 s and the concentration of this 
species keeps increasing with irradiation time.  
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Figure 6.5:   Concentrations of key radiolysis products formed during -radiolysis 
of 3 M Cl− at 25 oC, pH 8.0 at a dose rate of 5 Gy·h−1. 
 The radiolysis reactions involving chloride can be generalized into three stages: 
oxidation, dimerization and disproportionation: Figure 6.6.  This series of processes is 
relevant in both low and high chloride concentration solutions.  The only main difference 
between the two is the direct production of primary chloride species (•ClOH−, •Cl2−, Cl3−) 
in high chloride concentration solutions, whereas in low chloride concentration solutions 
they are formed through the reaction of Cl− with •OH. 
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Figure 6.6:   Schematic of Cl radiolysis reactions simplified into three stages: 
Oxidation, dimerization and disproportionation. 
6.3.2.1 Dose-Rate Dependence 
The effect of dose rates on the key oxidant products in 3 M chloride solution was 
investigated.  Figure 6.7 presents the oxidant concentrations over time at different dose 
rates. At earlier times (tRAD < 1 h), both H2O2 and HOCl have approximately square-root 
dependence on dose rate.  The slopes of the log-log plots of concentration (taken at 
tRAD < 1 h) vs dose rates for H2O2 and HOCl are very close to 1/2 (plot not presented).  
However, at longer times, H2O2 reaches about the same concentration for all the dose rates 
simulated.  This indicates that for a given [Cl−], the concentrations of oxidants do not 
increase linearly with DR.  Instead, the same steady-state concentration (~10−
4 mol∙dm−3) 
are reached, with systems exposed to higher dose rates approaching the steady-state more 
rapidly.  This implies that regardless of the dose rate where the saline water is exposed, the 
concentration of H2O2 still reaches ~10−
4 mol∙dm−3.  When using the data obtained in this 
calculation, it is strongly suggested to consider the timescale at which a certain process is 
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expected to occur. For example, the corrosion of materials may happen within an hour and 
may continue to progress after 10 h. If modelling the corrosion dynamics of a system, 
steady-state concentration may not be appropriate, instead, a derived rate equation from 
the model is necessary. Hypochlorous acid, on the other hand, does not persist long in the 
solution as it is oxidized further to HClO2.  A pseudo-steady-state is reached for HOCl 
before it is converted to HClO2. The duration of this steady-state varies with dose rate.  
Depending on the dose rate, HOCl can be present in a solution for a few minutes to ~100 
h.  At this timescale, corrosion of metals can occur.  The maximum HOCl concentrations 
have been determined and plotted against dose rates in Figure 6.8.  The slope obtained from 
the log-log plot is about 1/3 indicating that [HOCl]max has an approximately cube-root 
dependence on dose rate. 
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Figure 6.7:  Concentrations of (a) H2O2, (b) HOCl and (c) HClO2 calculated using 
the SWRM in 3 M Cl− as a function of dose rate. 
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Figure 6.8:  Full-model prediction of the maximum concentrations of HOCl 
produced as a function of dose rate in 3 M Cl−. 
6.3.2.2 Effect of Salinity on Key Radiolysis Products 
The time-dependent concentrations of H2O2 and HOCl for various salinities are 
compared in Figure 6.9a.  Chloride concentration has a linear relationship with HOCl 
production (Figure 6.9b).  This is partly because of the higher rate of Cl− and •OH reactions 
that lead to more HOCl production.  Hypochlorous acid is a secondary product and its main 
precursor is Cl3−, the g-value of which increases with Cl−, as indicated in Table 6.1.  The 
initial effect of Cl− concentration on H2O2 is the inverse of that of HOCl.  Hydrogen 
peroxide is a primary radiolysis product with a g-value decreasing with Cl− concentration.   
It also has an inverse dependence on HOCl, which is evident from its decomposition 
reaction (R 6.26).  It is interesting to note that, similar to the observed effect of dose rate, 
in all the salinities studied, H2O2 will eventually reach the same concentration (~10−
4 
mol∙dm−3).  This also suggests that, just as in low chloride concentration solutions, the 
chloride concentration does not affect the final radiolytic H2O2 concentration.   
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Extrapolation of the HOCl curve from the radiolysis of different salinities at a dose 
rate of 5 Gy·h−1 (Figure 6.9b) yields ~2.5 x 10−5 mol∙dm−3 when [Cl−] is 6 M.   This 
concentration is the expected maximum at the dose rate used. As already noted, it only 
remains at this pseudo-steady-state value temporarily, before being converted into other 
species at the expense of H2O2.  
 
 
Figure 6.9:  (a) Comparison of the time-dependent concentrations of H2O2 (solid 
lines) and HOCl (broken lines) calculated using the SWRM at 25 oC at different 
chloride concentrations at a dose rate of 5 Gy·h−1. (b) Maximum HOCl 
concentrations produced at different chloride concentrations. 
6.3.2.3 Experimental Validation of the SWRM  
 The SWRM was validated by conducting irradiation experiments with 2 and 3 M 
Cl− solutions.  The key radiolysis product concentrations were measured and compared 
with those in the model simulations.  Figures 6.10 and 6.11 show this comparison of the 
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model agrees well with the experimental data.  In aerated conditions the model 
overestimates H2 concentration by a factor of ~3, similar to what was observed in the 
GWRM.  The full model prediction of H2O2 in deaerated solutions gave a concentration 
below our experimental detection limit.  An attempt to measure the H2O2 in these 
conditions was made and as expected, no H2O2 was detected.  As mentioned in the previous 
discussion (Chapter 5) , aeration increases the H2O2 concentration in the solutions.  
Hydrogen peroxide was measured in an aerated 2 M Cl− solution and the results agree well 
with the model (Figure 6.10).  In 3 M Cl−, H2O2 was detected initially but then decreased 
to a level below the detection limit (Figure 6.11).   The experimental data matches with the 
model simulation.  The observed trend in H2O2 concentration between 2 and 3 M Cl− is 
expected.  Earlier we noted that H2O2 decreases with [Cl−] because it is being decomposed 
by HOCl.  Hypochlorous acid increases with [Cl−] and the increase from 2 M to 3 M Cl− 
resulted in more H2O2 being decomposed by HOCl. 
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Figure 6.10:   H2O2, H2 and O2 concentrations as a function of irradiation time for 2 
M chloride solution in (a) aerated and (b) de-aerated conditions at 25 oC and a dose 
rate of 3 kGy·h−1.  The symbols (● H2, ■ H2O2, ▲O2) represent the experimental 
data, and the lines are the SWRM simulation results. The detection limit for H2O2 is 
indicated by the dashed line. 
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Figure 6.11:   H2O2, H2 and O2 concentrations as a function of irradiation time for 3 
M chloride solution in (a) aerated and (b) de-aerated conditions at 25 oC and a dose 
rate of 3 kGy·h−1.  The symbols (● H2, ■ H2O2, ▲O2) represent the experimental 
data, and the lines are the SWRM simulation results. The detection limit for H2O2 is 
indicated by the dashed line. 
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6.3.3 GWRM and SWRM Comparison 
 Earlier we proposed that modelling of low and high chloride solutions should be 
carried out using different sets of primary products and g-values (GWRM for low chloride 
and SWRM for high chloride).  However, we were also interested to see if the GWRM 
could be used to model the high chloride concentration solutions. The GWRM and SWRM 
were compared by using both to model the radiolysis of a 3 M Cl− solution.    Figure 6.12 
shows this comparison. Interestingly, the steady-state concentrations of some of the key 
species calculated by GWRM are similar to those of SWRM.  The time-dependent 
behaviours of •Cl2− and •ClOH− (which are primary species in SWRM / secondary in 
GWRM) seemed to be similar in both models, following the characteristic time profiles 
seen for primary products.  The main difference in the GWRM is for Cl3−, which forms 
from two •Cl2−, giving a secondary product time profile.  The final steady-state 
concentrations of H2O2 are about the same for both the models despite different 
progressions over time.  A pseudo-steady-state plateau is seen in the SWRM result for 
H2O2 after 1 min to 1 h before its concentration increases to 10−
4 mol·dm−3.  This is 
expected based on our understanding that H2O2 is greatly influenced by its decomposition 
by HOCl, which is also observed to have a pseudo-steady-state plateau at the same time as 
that of H2O2, before its concentration decreases significantly.  Production of HOCl (as 
noted earlier) results exclusively from the Cl3
− → Cl2 → HOCl path and so is strongly 
affected by the initial Cl3
− production rate. 
 Both models predict H2O2 and HOCl as the key radiolysis products in 3 M Cl−, and 
while their maximum concentrations are similar, their concentration profiles over time are 
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different.  This suggests that the suitability of these models for prediction may depend on 
the specific system in question.  Even though the steady-state or maximum concentrations 
predicted by model at different conditions are close, their impact on materials will be 
different depending on when they are formed and how long they remain in the solution.  
 
Figure 6.12:   Comparison of the key radiolysis products in 3 M Cl− exposed to 
3 kGy·h−1 calculated using (a) GWRM and (b) SWRM. 
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6.4 Conclusions 
Radiolysis of water in the presence of chloride was modelled using GWRM for low 
chloride concentration solutions and SWRM for high chloride concentration (>1 M) 
solutions.  Radiolysis of low chloride concentration solutions is not significantly different 
from the radiolysis of pure water except for the production of very low concentrations of 
oxychloride species.  The presence of dissolved O2 has more impact on the radiolysis 
product concentrations than the presence of small concentrations of chloride ions. In 
radiolysis of highly saline solutions, the main products are H2O2 and (an intermediate) 
HOCl.  The final steady-state concentration of H2O2  was 10−
4 M, regardless of the initial 
chloride concentration (2-5 M), while the concentration of HOCl was proportional to the 
chloride solution concentration. Using the expected DGR dose rate (5 Gy·h−1), and 
assuming the most concentrated chloride solution possible (6 M), the extrapolated 
maximum HOCl concentration is only ~2.5 x 10−5 mol·dm−3.  The H2O2 concentration and 
the sum of all the oxidant concentrations (H2O2 + ClO− + ClO2− + ClO3−) are not affected 
by the dose rate, which only influences the time at which these species reach their steady-
state concentrations.  Overall, the stronger oxidant H2O2 is slowly converted into 
progressively weaker oxychloride oxidants (ClO−, ClO2−, ClO3−) and the total oxidant 
concentration remained constant.  The ability of the basic reaction model that was 
constructed to predict the experimental results has demonstrated the validity of this 
approach. 
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Chapter 7 
Radiolytic Copper Corrosion in Chloride Solution 
7.1 Introduction 
As described in Chapter 6, the radiolysis of highly saline groundwater can produce 
powerful oxidants such as H2O2 and HOCl.  This chapter aims to assess the possible extent 
of corrosion damage due to highly saline groundwaters that are expected in the Canadian 
DGR environment.  Copper immersion tests in saline solution in the presence of -radiation 
were performed to determine the Cu corrosion behaviour in groundwaters.  The effect of 
-radiation on copper corrosion was simulated by chemically-added radiolytic oxidants in 
groundwater solutions.  
7.2 Experimental 
All experimental solutions were prepared using Type I water (NANOpure 
Diamond, Barnstead International) and was described in detail in Section 3.2.1. The 
resulting purified water had a consistent resistivity of 18.2 MΩcm.  Chloride solutions 
were prepared with analytical-grade sodium chloride (Sigma-Aldrich, 99.0% assay) in a 
concentration range of 1 to 3 M.  Solutions for chemically-added tests were prepared with 
reagent-grade sodium hypochlorite solution  (10-13 %) and hydrogen peroxide (3% wt. 
stock solution) diluted to a concentration of 1.0 × 10-5 M using the chloride solutions 
prepared earlier.  The solutions were then purged with ultra-high purity argon (Praxair, 
impurity 0.001%) for 45 minutes to eliminate dissolved oxygen before transferring into Ar-
filled glove box sample preparations.  
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The test copper coupon used in this study was fabricated from a wrought copper 
sample from SKB, the Swedish Nuclear Fuel and Waste Management Company.  Coupons 
were cut from this cube with dimensions of 1 cm × 0.7 cm × 0.3 cm.  Each side of the 
coupon was manually abraded with a series of 400, 600 and 1200 grit silicon carbide 
papers.  The coupon was then washed with Type I water, ultrasonically cleaned in an 
acetone/methanol mixture, and finally washed again with Type I water and then argon 
dried. 
In an Ar-filled glove box, each coupon was placed in an individual 20 mL 
glass/quartz vial.  A 10 mL chloride solution was transferred into each vial, making the 
coupon fully immersed.  The vials were then sealed with aluminum crimp caps fitted with 
PTFE silicone septa (Agilent Technologies) that provided a vacuum seal to prevent any 
losses of gaseous species or ingress of gas during the test.   
For irradiation tests, the sample vials containing a coupon were placed in a custom-
designed holder to ensure a uniform dose for all the samples throughout the irradiation 
period.  The irradiation was carried out in a 60Co gamma cell (MDS Nordion), which emits 
photons with energy at 1.332 MeV and 1.173 MeV, providing the irradiation chamber with 
uniform absorption dose rate of 3.0 kGy∙h-1 
After exposure, the coupons were washed with ultrapure water, dried in Ar gas and 
stored in a vacuum desiccator until scheduled for analysis. The coupons were examined by 
SEM for surface morphology and by Raman spectroscopy and EDX for surface chemical 
composition.  
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7.3 Results and Discussion 
7.3.1 Effect of γ-radiation on Copper Corrosion 
Figure 7.1 presents the SEM images of coupons after immersion in chloride 
solution of different duration in the presence of γ-radiation.  The irradiated coupons showed 
significant dissolution and extensive formation of granular oxides. The images also 
indicate different degrees of oxide formation and growth.  A copper coupon corroded for 
48 h in a deaerated solution free of Cl− shows small oxide particles uniformly distributed 
on the surface, indicating that the rate of copper corrosion may not be negligible even in a 
deaerated solution when intense radiation is present. Radiolytic corrosion of Cu is even 
more significant in high [Cl−] (1 M and 3 M) in deaerated solutions; significant dissolution 
is evident even after only 5 h, where holes and rough surfaces start to occur. After 24 h, 
extensive formation of granular oxides starts to appear on the surface.  Surface analysis by 
Raman spectroscopy presented in Figure 7.2 showed peaks at 219 cm−1, 525 cm−1 and 625 
cm−1 which are the characteristic Raman shifts of cuprite (Cu2O) [1, 2]. They have further 
been confirmed by the ratio between Cu and O from the elemental analysis by EDX 
spectroscopy. 
In a solution of 1 M NaCl, more populated Cu2O grains are found on the surface 
which appears to be growing with exposure time.  Cuprite grains are also seen at a much 
higher chloride concentration (3 M), but the average grain size reduces compared to that 
of 1 M.  In 3 M Cl− solution the granular particles appear to become coarsened to a 
smoother and featureless layer after 48 to 96 h irradiation. The significant dissolution of 
copper is evident by the extensive formation of greenish-blue precipitates.  These particles 
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are also seen on the copper surface in the 3 M NaCl condition which was determined to be 
atacamite (CuCl2∙3Cu(OH)2) by EDX analysis. These particles are believed to have been 
stripped off of the surface leaving behind a crater-like morphology as shown in Figure 7.1 
(3 M NaCl at 48 and 96 h).  These particles that went into the bulk solution are not soluble 
and later gave rise to the greenish-blue precipitate observed in Figure 7.3.  The Raman 
spectrum of these precipitates identifies them as atacamite, Figure 7.3.  
 
Figure 7.1: SEM images of copper coupon surfaces corroded in deaerated 0, 1 and 
3 M NaCl solutions for different durations in the presence of γ-radiation at a dose 
rate of 3.0 kGy∙h-1.  EDX elemental analyses are specified in each image. 
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Figure 7.2: Raman spectra of copper coupon surfaces corroded in 1 M and 3 M 
NaCl solutions in the presence of γ-irradiation. 
 
Figure 7.3: Photographs of Cu coupons corroded in 1 and 3 M NaCl solution 
showing blue-green precipitate after 48 h of irradiation (left) and the Raman spectra 
of the blue-green precipitate (right).  
SEM images of the FIB cut cross-section presented in Figure 7.4 show the presence 
of void space (gap) between metal and the oxide layer. In 1 M Cl−, a rough grainy single 
layer of Cu2O with a thickness of about 125 nm is observed growing laterally creating a 
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bridge over void space after 24 h irradiation. The void volume becomes larger and the 
oxide layer becomes thicker with time.  Nevertheless, the depth of the gap is less than 1 
m even under this highly oxidizing condition.  In a 3 M Cl− solution a finer metal-oxide 
interface is observed. Very small voids are still observed at 24 h and almost disappears at 
48 h.   
These results suggest that the rate of radiolytic oxidation of Cu0 to Cu+ and Cu+ to 
Cu2+ increases with [Cl−].  Cu+ has very low solubility but stabilizes in solution in the 
presence of Cl− through the formation of soluble complex anion, CuCl2−
 [3, 4]. The higher 
the [Cl−], the more CuCln−
(n-1) soluble complex will form. This increases in the oxidative 
dissolution of Cu0 to Cu+ by copper dissolution as CuCl2− also promotes Cu2O growth.  On 
the other hand, the oxidation of Cu2O or CuCl2− to Cu
2+ will increase copper dissolution 
while it will decrease the overall growth of Cu2O or convert the crystalline particles to an 
amorphous film. The rate of oxidation of Cu0 to Cu+ will be different from that of Cu2O to 
Cu2+ or that of CuCl2− to Cu
2+.  Because the oxidation to Cu2+ occurs via intermediate Cu+ 
species the relative rates of the different oxidation reactions and dissolution processes will 
change as corrosion progresses.  Cu2+ hydroxide can also precipitate as Cu(Cl)23Cu(OH)2, 
a greenish-blue mineral known as atacamite [4, 5]. The corrosion kinetics of Cu is already 
a complex process and the presence of Cl− furthers the complication. 
In the presence of radiation, radiolysis of Cl− solutions produces oxidants such as 
H2O2 and HOCl, whose concentrations depend on [Cl−]0 at a given dose rate (as described 
in Chapter 6).  Thus, Cl− can influence the radiolytic corrosion of Cu by affecting the rates 
of both oxidation and dissolution processes. It has been suggested that the initial collision 
193 
 
product of ionizing radiation with water molecule,  radical cation H2O
+, may be directly 
involved in metal oxidation [6].  The lifetime of H2O
+ in liquid water is on a femtosecond 
timescale. The H2O
+ formed uniformly in liquid water by gamma-radiolysis quickly 
decomposes to •OH and H3O
+ before it can even reach the surface metal. The probability 
of H2O
+ reacting on the metal surface would be extremely low, compared to the stable 
molecular oxidant products such as H2O2 and HOCl. In addition, chemical oxidation of 
metal by gaseous H2O
+ formed by radiolysis of water vapour may be very fast but it cannot 
proceed beyond chemisorption of a few monolayers. Aqueous corrosion is an 
electrochemical process involving interfacial mass and charge transfer of metal cation 
and/or oxidant between solid and solution phases. It is a much slower process than 
chemisorption of gaseous species, but it can continue for a long time. Thus, for the 
corrosion of UFC container materials, the more stable radiolysis products and longer lived 
in solution are more important.   For the similar reason, we do not think the more reactive 
water radiolysis products such as •eaq− [7, 8] directly involve in metal oxidation, but 
indirectly via their solution reactions affecting the steady-state concentrations of the more 
stable oxidants in solution. 
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Figure 7.4: SEM images of FIB cut cross-sections of copper coupon corroded in 
deaerated solutions containing 1 and 3 M Cl− for 24 h or 48 h in the presence of -
radiation at dose rate 3 kGy∙h-1.   
7.3.2 Chemical Simulation of Radiolytic Corrosion of Copper  
The effect of γ-radiolysis on Cu corrosion was also investigated by chemically 
simulating an irradiated solution environment (no radiation present) by initial addition of 
H2O2 and HOCl. The radiolysis kinetic calculations show that at a dose rate of 3 kGy∙h
-1 
H2O2 and HOCl concentrations can reach ~10 M at period (1 h to 24 h) when corrosion 
can occur at a substantial rate.  
trad 24 h 48 h
[NaCl]
1 M
3 M
UWOBeam 20k x                  500 nm UWOBeam 20k x                  500 nm
UWOBeam 20k x                  500 nm UWOBeam 20k x                  500 nm
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Figure 7.5: Concentrations of H2O2 and HOCl calculated using the groundwater 
radiolysis model at 25 oC as a function of [Cl−] at a dose rate of 3 kGy∙h-1. 
SEM images of Cu coupon corroded in 1 M and 3 M NaCl with chemically-added 
H2O2 or HOCl are presented in Figures 7.6 and 7.7, respectively. Raman spectra (not 
shown) revealed that Cu2O is formed on all the surfaces. Generally, all the coupons have 
corroded but not as intense as those under γ-radiation.  Dissolution seems to be initially 
more significant in H2O2 than in HOCl.  At 1 M NaCl, Cu2O crystals grow larger in H2O2 
than in HOCl.  The Cu2O crystals continuously grow and uniformly cover the surface after 
48 h for both the oxidants cases.  The crystals have mostly cubic structure at 24 h that later 
developed into octahedral after 48 h immersion.  These results are similar to the 
observations reported by Jean et al. on polymorphic growth of Cu2O on Cu metal by γ-
radiation-induced oxidation [9].   
 Cu2O in a form of crystals was not observed in the case of 3 M NaCl solution for 
both oxidants.  The surface was covered with what seems to be an amorphous layer of 
Cu2O that became smoother with time.  A cross-section SEM image of the coupons with 
H2O2 oxidant confirms the amorphous Cu2O layer formed in 3 M NaCl case, Figure 7.8.  
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Void spaces were also observed at 24 h for both chloride concentrations which became 
smaller after 48 h, a similar feature observed in the experiments carried out in the presence 
of γ-radiation. 
 
Figure 7.6: SEM images of copper coupon surfaces after 24 and 48 h immersion in 1 
M and 3 M NaCl solutions with chemically-added 10 μM H2O2.  EDX elemental 
analyses on each image. 
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UWOBeam 30k x                  1 µm
24 h 48 ht
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Figure 7.7: SEM images of copper coupon surfaces after 24 and 48 h immersion in 1 
M and 3 M NaCl solutions with chemically added 10 μM HOCl.  EDX elemental 
analyses on each image. 
 
Figure 7.8: Cross-sectional SEM images of copper coupon surfaces after 24 and 48 h 
immersion in 1 M and 3 M NaCl solutions with chemically added H2O2 (10-5 M). 
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The preliminary results suggest that dissolution and Cu2O crystal growth are more 
significant in the presence of H2O2 than in HOCl. Copper dissolution from the metal and 
Cu2O phases is higher in a higher chloride solution. With 1 M NaCl solution, the coupon 
surface becomes more uniformly covered by Cu2O crystals. In the case of 3 M NaCl 
solutions, an amorphous layer of Cu2O is formed at 24 h.  The layer becomes smoother and 
thicker with time. The gap between the metal and oxide phase decreases with time and with 
increasing [Cl−] (results not shown). 
 The observations from the corrosion tests in the -cell and in the chemically 
simulated radiolysis environments suggest that the main corrosion pathways in 
concentrated Cl− solutions are dissolution (of Cu+ and Cu2+) and oxide growth (Cu2O), as 
schematically shown in Figure 7.10. The proposed mechanism can explain the observed 
kinetic behaviour of Cu corrosion. The oxidation of Cu can lead to both dissolution and 
Cu2O growth.  The presence of a more oxidizing solution environment initially increases 
the rates of both dissolution and oxide growth. When exposed to γ-radiation, the solution 
becomes more oxidizing due to the production of oxidants such as H2O2 and HOCl. The 
Cu(I) gets further oxidized to Cu(II) and then form into atacamite once the solution 
becomes supersaturated. Atacamite was observed as the blue-green precipitate in the 
solution in both 1 M and 3 M NaCl solution. The Cu2O initially grows as granular particles 
and then as crystals with well-defined facets, but slowly converts to a uniform protective 
layer of amorphous Cu2O.  This is consistent with previously reported mechanisms [9].  
The rate of conversion of crystalline Cu2O to amorphous Cu2O depends on [Cl−]. 
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Figure 7.9: Proposed mechanism for copper corrosion in chloride solution. 
7.4 Conclusions 
In this chapter, copper immersion tests were performed in the presence of -
radiation to assess the extent of corrosion damage due to highly saline groundwaters that 
are expected in the DGR environment. The effect of radiolytically produced oxidants (H2O2 
and HOCl) was further investigated by initial addition of radiolytic oxidants in saline 
solutions in the absence of radiation. The morphology and the composition of the oxides 
formed on the surface were analyzed using SEM, Raman Spectroscopy and EDX 
techniques. 
In the presence of Cl−, the unstable Cu+ is stabilized in solution through the 
formation of soluble complex anion, CuCl2−. The main corrosion pathways for copper are 
dissolution (via Cu2+ and CuCl2−) and oxide growth (Cu2O). 
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radiation  the solution becomes more oxidizing due to the production of oxidants such as 
H2O2 and HOCl. The preliminary results show that dissolution and Cu2O crystals growth 
are more significant in the presence of H2O2 compared to that in HOCl. Cu2O initially 
grows as granular particulates and then crystals, but slowly converts to a uniform protective 
layer of amorphous Cu2O. The rate of conversion to amorphous Cu2O depends on [Cl−]. 
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Chapter 8 
Summary and Future Work 
8.1 Summary  
The main goal of this thesis was to develop a mechanistic understanding of the 
effect of ionizing radiation on gaseous and aqueous phase chemistry for accurate prediction 
of the concentrations of key oxidizing species important to the corrosion of the UFC, as a 
function of the anticipated DGR environmental conditions. To achieve this goal, chemical 
kinetic models were developed which address the evolving UFC corrosion environment 
over time.  
In Chapter 4 the evolution of γ-radiation dose rates with time for both internal and 
external surfaces of the current container design is presented. The γ-radiation dose rates at 
the internal and external surfaces of a Canadian copper-coated UFC were calculated using 
MicroShieldv9.05. As the used fuel ages from 10 a to 106 a, the internal and external 
surface dose rates decay from 51 Gyh−1 to 2.6 mGyh−1 and from 2.3 Gyh−1 to 0.21 
mGyh−1, respectively. This provided the necessary knowledge regarding the ranges of 
dose rates that are expected when simulating the radiolysis processes. Later in Chapter 4, 
HARM was developed to predict the key oxidants relevant to the used fuel container 
corrosion when the DGR environment contains moist air. The HARM predicts that HNO3 
is the dominant oxidizing species formed during humid air radiolysis and its concentration 
increases linearly with dose rate.  The relative humidity (10-80%) has no significant effect 
on the rate of HNO3 production.  A detailed analysis of the computational modelling 
showed that the production rate of HNO3 at longer times can be approximated as the same 
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as the primary radiolytic production rate of •OH. The HNO3 formed is the main concern 
for metal corrosion since it can be absorbed into water droplets on the metal surface, and 
then participates in electrochemical reactions associated with aqueous corrosion.  The 
extent of corrosion damage caused by HNO3 on the external copper surface of a UFC was 
conservatively estimated by assuming that every •OH produced is converted to HNO3 in 
the gas phase and transferred to the water in contact with the UFC.  By using a 
hemispherical water droplet geometry and assuming all HNO3 in the water droplet is used 
in corroding copper, the maximum Cu corrosion depth for a Canadian UFC was estimated 
to be ~9.4 μm over the planned UFC disposal duration. An approximate analytical solution 
for estimating HNO3 based on HARM results was proposed.  It is a simple formula that 
does not require the use of a modelling program. 
Chapter 5 utilized the water radiolysis model to determine the overall radiolytic 
production of key chemical species that are also relevant for UFC corrosion. The time-
dependent behaviour of each radiolysis product had shown 3 distinct periods of 
characteristic time dependences (kinetic stages) that later reached steady-state. 
Approximate rate solutions describing the behaviour at each kinetic stage of the individual 
key radiolysis products were proposed and verified.  This provided a better way of 
understanding how species are influenced by solution parameters such as pH and dissolved 
O2 and the dose rate received by the system. Condensation of water droplets on the 
container surface is promoted due to the warm moist environment resulting from the heat 
generated from the radiation absorbed by the metal. As mentioned above, the HNO3(g) 
produced from the humid-air radiolysis is expected to dissolve in the condensed water on 
the UFC, which will change the pH and the nitrate concentration, thereby affecting the 
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overall production rates of the radiolytically produced oxidants. The radiolysis kinetics of 
deaerated and aerated water at temperatures ranging from 25 to 80 oC is also presented in 
Chapter 5. The effect of temperature (< 80 oC) on water radiolysis behaviour was found to 
be not significant. This is because the g-values and rate constants have no strong 
temperature dependence. The g-values are the rate parameters of a process induced by 
interaction with high energy photons and hence, have negligible dependence on 
temperature when the temperature is below the boiling point of the medium. The average 
change in the rate constant from room temperature to 80 oC is only about a factor of 3. The 
impact of humid air radiolysis on water radiolysis kinetics was investigated by coupling 
the transfer kinetics of nitrate from the gas phase (where it is produced) to the solution 
phase. The transfer rate of nitrate depends on the dose rate received by the system. The 
results showed that the nitrate from HARM has no significant effect on the water radiolysis 
kinetics. This is because of the slow production of nitrate resulting in quite low 
concentration within the modelled timescale. The steady-state kinetics of key oxidant 
species (H2O2) coupled with corrosion reactions were also studied in this chapter.  A net 
surface reaction rate constant (ksurf-rxn) was obtained by corrosion experiment and was 
added as a removal path for H2O2 in the net H2O2 rate formulation. The dose rate used 
played an effect on how corrosion reaction competes with the H2O2 production. At a low 
dose, model simulation results indicated that the steady-state concentration of H2O2 was 
less than without a metal present. The rate of H2O2 removal due to corrosion approached 
the H2O2 production rate sooner, resulting in an earlier 𝜏𝑠𝑠(H2O2) than without the metal 
present. The effect at the higher dose rate is negligible at first because of the high 
production rate relative to the ksurf-rxn, but became significant at a later time.   
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Some DGR groundwater conditions are anticipated to be saline.  In Chapter 6, the 
GWRM predicts that the key oxidants formed by radiolysis of saline water are H2O2 and 
(an intermediate) HOCl.  The model predictions were validated by experimental 
measurements as a function of time during the continuous radiolysis of solutions containing 
different chloride concentrations.  Radiolysis of low chloride concentration solutions is not 
significantly different from the radiolysis of pure water except for the production of very 
low concentrations of oxychloride species.  The final steady-state concentration of H2O2 
was 10−4 M, regardless of the initial chloride concentration (2-5 M), while the concentration 
of HOCl was proportional to the chloride solution concentration. Using the expected DGR 
dose rate (5 Gy·h−1), and assuming the most concentrated chloride solution possible (6 M), 
the extrapolated maximum HOCl concentration is only ~2.5 × 10−5 mol·dm−3.  The H2O2 
concentration and the sum of all the oxidant concentrations (H2O2 + ClO− + ClO2− + ClO3−) 
are not affected by the dose rate; it only affects the time at which these species reach their 
steady-state concentrations.  Overall, the stronger oxidant H2O2 is slowly converted into 
progressively weaker oxychloride oxidants (ClO−, ClO2−, ClO3−) and the total oxidant 
concentration remained constant.   
In Chapter 7, the calculated concentrations of H2O2 and HOCl as a function of dose 
rate were used to assess the effect of radiation on copper corrosion in saline solutions.  To 
determine the mechanism by which radiation affects copper corrosion, two sets of tests 
were performed.  The first set consisted of Cu coupons in saline solutions sealed in quartz 
vials irradiated for different times. The second set involved Cu coupons exposed to saline 
solutions containing H2O2 and/or HOCl at the concentrations expected to be present in the 
first set of tests.  The corrosion kinetics were determined by analyzing the dissolved copper 
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concentration ([Cu2+(aq)]), the evolving pH of the solution, and the morphology, 
chemical/elemental composition and cross-section of oxides on a coupon surface as a 
function of corrosion duration.  The results demonstrated that the continuous radiolytic 
production of reactive species at low levels has different effects on corrosion kinetics from 
the one-time addition of these species at concentrations equivalent to their overall 
radiolysis yields over long times.  
8.2 Future Work  
 This work has improved the understanding of how γ-radiation induces chemical 
changes in the gaseous and solution phase, and of the key oxidants produced that can 
influence material corrosion.  
The HARM in this thesis is purely computational. Measurements of HNO3(aq) 
produced during humid air experiments under radiation could be used to validate the 
radiolysis model.  The extent of corrosion damage on metal samples by chemically added 
HNO3 and HNO3 produced by radiation could also be compared to validate the calculated 
production of HNO3 during humid air radiolysis. 
Measurement of the amounts of oxychloride species in addition to the currently 
measured stable molecular products H2, O2 and H2O2 produced during radiolysis could also 
be performed to further validate the GWRM.  
The only corrosion experiments carried out in this study were those used to provide 
proof of the radiolytic corrosion of copper in saline solutions. These experiments revealed 
the complexity of copper corrosion dynamics in the presence of chloride and under the 
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influence of γ-radiation. Nevertheless, a reasonable mechanism has been proposed based 
on the observed results. In the future, more systematic corrosion experiments would be 
desirable, to fully confirm the proposed corrosion mechanism. 
In addition to the model prediction of radiolytic species important for metal 
corrosion, a simplified rate formula was derived from this study. This formula could 
potentially be incorporated into the modelling of the dynamics of similar corrosion 
processes.   
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1. Model geometry and material parameters 
All dose calculations are based on a standard 37-element CANDU fuel bundle with 
an average bundle power of 455 kW [1,2]. The photon spectra correspond to the sum of 
the photons released from the fission products, the actinides, the light elements in the used 
fuel, and from the Zircaloy cladding. Spectra were calculated based on 19.2 kg uranium 
and 2.2 kg of Zircaloy per fuel bundle [3], and 48 bundles per UFC [4]. 
The MicroShield software is limited to a number of basic case geometries. The user 
must select the geometry that best approximates the exposure situation. The current model 
(Figure S.1) uses the Cylinder Volume geometry to approximate the used fuel container 
(UFC). Thus, the hemispherical heads of the containers were not included in the Base Case 
model. For the Dose Point Location Sensitivity, the hemispherical heads were represented 
as cylindrical end-plates. The dimensions of the model are listed in Table S.1 and the 
material densities are listed in Table S.2. 
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Figure S.1: MicroShield model of the ‘Mark II’ Canadian used fuel container. 
 
Table S.1: MicroShield model input dimensions. 
Component Dimension 
cm 
Source cylinder diameter 43.1 
Source Zircaloy coating thickness 0.53 
Source steel coating thickness 0.32 
Source height 204.94 
Steel vessel length (apex head-to-head) 250.6 
Steel vessel inner diameter 46.35 
Steel vessel thickness 4.623 
Steel lida thickness 3.0 
Copper coating thickness 0.30 
aHemispherical head was represented as a cylindrical end-plate. 
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Table S.2: MicroShield model input material densities. 
Component Material Density 
g cm-3 
Source UO2 3.48 
Zircaloy 
cladding 
Zr 6.44 
Steel vessel Steel 7.75 
Copper coating Cu 8.94 
Air medium Air 0.00122 
 
 
Figure S.2: Internal and external dose point locations for base case (1 and 2, 
respectively) and sensitivity case X (3 and 4, respectively). 
2. Assumptions, simplifications, and limitations 
2.1 Backscatter dose 
According to Das and Kahn, the backscattered dose at an interface with a high 
atomic number (high Z) material in a photon beam, which is primarily due to the secondary 
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electron backscattering, is not insignificant [5]. Das and Kahn took measurements of the 
backscatter dose at the interface of polystyrene (meant to imitate tissue of water) with 
several high Z materials, including stainless steel. The results for a variety of photon beam 
energies demonstrate that the dose at the interface with steel increased by ~30% due to the 
backscattering of electrons. Because of the short range of electrons, this backscatter dose 
decreased rapidly as the detector moved away from the interface. These results are 
consistent with previous measurements at an air/iron interface [6]. Thus, as a conservative 
measure, the dose rates calculated by MicroShield for the internal surface of the container 
were multiplied by 1.3 to account for the increased β-radiation dose rate from scattering 
effects. The implications of this approximation on radiolysis modeling efforts merit 
investigation in future research efforts. 
2.2 Dose point location 
MicroShield is unreliable when the dose point is < 1 cm from the source. This is 
because the dose rate as a function of distance from a model element is inversely 
proportionate to the square of this distance. As this distance becomes small, the geometry 
term approaches infinity. Therefore, all ‘surface’ dose rates were actually calculated at a 
distance of 1 cm to minimize this uncertainty. 
2.3 Buildup 
Buildup modeling and scattering effects are the greatest source of uncertainty in the 
MicroShield dose rate calculations. The buildup factor is a value which approximates the 
extent to which secondary photons add to the photon fluence. The MicroShield user must 
select a buildup shield, the properties of which are then used to model the scattering 
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behaviour in all materials between each kernel (the origin of the modeled photon) and the 
dose point. 
The most conservative approach for selecting a buildup material was used. This 
involved selecting the reference shielding material for which the greatest amount of build-
up was exhibited (i.e., the material that results in the highest dose rates). This buildup 
material is typically the last shield material between the source and the dose point and/or 
the most dominant shield – i.e., the intervening shielding material for which the number of 
linear attenuation mean free path lengths is greatest. 
For all cases, the steel vessel was used as the buildup material for the external 
surface dose calculations and, except for the dose point location sensitivity case, the steel 
coating was used for internal dose calculations. For the dose point location case, air was 
used as the buildup material. 
2.4 Dose rates in water 
MicroShield is unable to calculate the absorbed dose through water; it only 
calculates the absorbed dose in air. However, the latter may be used to estimate the former. 
The following relationship was used to approximate the two values: 
𝐷𝑚𝑒𝑑
𝑖 =
(
𝜇𝑒𝑛
𝜌
)
𝑚𝑒𝑑
𝑖
(
𝜇𝑒𝑛
𝜌
)
𝑎𝑖𝑟
𝑖 𝐷𝑎𝑖𝑟
𝑖      (Eq. S.1) 
Where (μen/ρ)
i
med and (μen/ρ)
i
air are the mass energy absorption coefficients (cm
2 g-1) for the 
medium (water) and for air at energy i, and Diair is the absorbed dose rate in air (mGy h
-1) 
at energy i. This equation may be summed over the complete photon spectrum to generate 
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the total dose rate absorbed by water. In this work, the ratio of mass energy absorption 
coefficients ranges from 1.04 – 1.11 [7–9]. However, the dose rate results are dominated 
by photons in the 0.65 – 2.4 MeV range, in which the ratio is 1.11. Therefore, the dose rate 
to water was calculated by simply multiplying the dose rate to air by 1.11. 
3. Sensitivity analysis test cases 
Calculations were performed for four cases: the Base Case and 3 sensitivity cases 
(Table S.3). The Base Case is taken as the most likely case, whereas the sensitivity cases 
explore the effect of varying the Base Case parameters: fuel burnup, dose point location, 
and medium. 
Table S.3: Sensitivity analysis case parameters. 
 Case Burnup 
MWh/kgU 
Medium Direction 
0 Base 220 Air Radial (Points 1 and 2 in Figure 
S.2) 
1 Burnup  320 Air Radial (Points 1 and 2 in Figure 
S.2) 
2 Dose Point Location 220 Air Axial (Points 3 and 4 in Figure S.2) 
3 Medium 220 Water Radial (Points 1 and 2 in Figure 
S.2) 
 
3.1 Burnup sensitivity 
The burnup sensitivity case evaluates the dose rates for an increased burnup of 320 
MWh/kgU, with all other parameters remaining equal to the base case. The results are listed 
in Table S.4.  
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Table S.4: Dose rates for the burnup sensitivity analysis. 
Fuel Age 
 
y 
Internal 
Surface 
Gy h-1 
Cf.  
Base Case 
External 
Surface 
Gy h-1 
Cf.  
Base Case 
10 7.6 × 101 151% × 100 151% 
20 4.9 × 101 146% × 100 146% 
30 3.7 × 101 145% × 100 145% 
50 2.3 × 101 145% × 100 145% 
100 7.0 × 100 145% × 100 144% 
200 7.0 × 10-1 145% × 100 145% 
500 2.7 × 10-3 160% × 100 155% 
1,000 1.9 × 10-3 167% × 100 159% 
10,000 1.8 × 10-3 154% × 100 149% 
100,000 2.4 × 10-3 121% × 100 115% 
1,000,000 2.7 × 10-3 103% × 100 102% 
 
3.2 Dose point location 
The dose point location sensitivity case demonstrates the effect of placing the dose 
point on the top of the container, rather than along the side (i.e., axially instead of radially). 
Table S.5 shows that the internal surface dose rates are smaller than in the base case. This 
is because the dose point is further from the fuel (see Figure S.2). The external surface dose 
rates are greater than in the base case because the thickness of the steel in the container 
hemispherical head is less than the thickness of the steel vessel (3 cm instead of 4.623 cm) 
and because there is no steel coating on the source. 
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Table S.5: Dose rates for the dose point location sensitivity analysis. 
Fuel Age 
 
y 
Internal 
Surface 
Gy h-1 
Cf.  
Base Case 
External 
Surface 
Gy h-1 
Cf.  
Base Case 
10 3.4 × 101 67% 4.4 × 10- 3 190% 
20 2.3 × 101 69% 2.9 × 10-3 199% 
30 1.8 × 101 69% 2.1 × 10-3 203% 
50 1.1 × 101 70% 1.3 × 10-3 206% 
100 3.4 × 100 70% 4.1 × 10-3 207% 
200 3.4 × 10-1 70% 4.0 × 10-3 207% 
500 1.2 × 10-3 74% 1.4 × 10-3 204% 
1,000 8.7 × 10-4 75% 9.5 × 10-3 203% 
10,000 8.5 × 10-4 71% 1.0 × 10-3 184% 
100,000 1.1 × 10-3 59% 1.9 × 10-3 138% 
1,000,000 1.4 × 10-3 54% 2.7 × 10-3 126% 
 
3.3 Medium sensitivity 
The medium sensitivity case explores the effect of substituting water for air as the 
dose absorbing medium. As described in Section 2.4, the dose rate in water is calculated 
by multiplying the dose rate in air by 1.11. The results are shown in Table S.6. 
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Table S.6: Dose rates for the medium sensitivity analysis. 
Fuel Age 
 
y 
Internal 
Surface 
Gy h-1 
Cf.  
Base Case 
External 
Surface 
Gy h-1 
Cf.  
Base Case 
10 5.6 × 101 111% 2.6 × 100 111% 
20 3.7 × 101 111% 1.6 × 100 111% 
30 2.8 × 101 111% 1.2 × 100 111% 
50 1.7 × 101 111% 7.1 × 10-1 111% 
100 5.4 × 100 111% 2.2 × 10-1 111% 
200 5.3 × 10-1 111% 2.2 × 10-2 111% 
500 1.9 × 10-3 111% 7.6 × 10-5 111% 
1,000 1.3 × 10-3 111% 5.2 × 10-5 111% 
10,000 1.3 × 10-3 111% 6.2 × 10-5 111% 
100,000 2.1 × 10-3 111% 1.5 × 10-4 111% 
1,000,000 2.9 × 10-3 111% 2.3 × 10-4 111% 
 
3.4 Accumulated dose 
As described in the main text, the surface dose rates were each fitted using two 
functions: An exponential function to describe the first 500 y, and a linear function to 
describe 500 – 1,000,000 y. These functions are listed in Table S.7. 
Table S.7: Functions used to fit the internal and external surface dose rates (D.R., in 
Gy y-1) for the base case as a function of fuel age, t (y). 
 10 – 500 y 500 – 1,000,000 y 
Internal Surface D.R. = 405,593 e-0.021 t D.R. = 10-5 t + 12.74 
External Surface D.R. = 17,201 e-0.021 t D.R. = 10-6 t + 0.6304 
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Appendix B 
1.  Temperature Dependence of g-values and Rate Constants 
The g-values for the primary radiolysis products in liquid water are well established 
over a wide range of temperatures. Elliot and Bartels conducted an extensive review of the 
g-values reported for the range of 25 °C to 300 °C and recommended polynomial formulae 
for the g-values as a function of temperature [1-3].  The temperature dependences of g-
values in the models used in this work are those taken from the LIRIC model of Wren et. 
al [4]. The temperature dependences of the g-values used in the LIRIC model are 
essentially the same as those recommended by Buxton and Elliot, except for the g-value 
for H2O2. In LIRIC and also the radiolysis kinetic models used in this thesis, the g-value 
for H2O2 at any given temperature was obtained from the g-values for other primary 
radiolysis products by imposing charge and mass conservation; in the overall yields of 
radiolytic decomposition of water the atomic ratio of •eaq
− to H+ must be equal, and the 
atomic ratio of H to O must be 2 to 1:  
gH+ (T)  = g•e (aq) (T)   (Eq. B.1) 
gH2O2 (T) = [g•H (T)  + 2 gH2 (T)  + g•e (aq) (T) − g•OH (T)]/2  (Eq. B.2) 
The temperature-dependences of the rate constants of the elementary reactions are 
also well established and reviewed by Elliot and Bartels [1-3, 5]. The rate constants used 
in the models are those recommended by Elliot and Bartels. Some of the reactions, such as 
acid-base equilibrium reactions, are reversible and are at (quasi-) equilibrium during 
radiolysis. For these reactions, the rate constants of the forward and the reverse reaction 
are difficult to independently determined. However, the temperature dependences of their 
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equilibrium constants are well established [6-9]. For these equilibrium reactions, the rate 
constants for the forward bimolecular reactions are diffusion-limited and the rate constants 
of the reverse reactions are obtained from the corresponding equilibrium constants (𝐾𝑒𝑞).  
In addition to the kinetic parameters, the density of water is an important parameter 
in the model.  The temperature dependence of the density of water is given in Table B.2 
Table B.1: Temperature dependences of the homogeneous primary radiolysis 
yields (G-values in units of molJ–1) [4]. 
* *Temperature in oC 
 
  
G-value Temperature Dependence 
G (•eaq
−) 1.036 × 027 + 3.4 × 10–3 × (T – 25)] 
G (H2) 1.036 × 0.05 + 0.69× 10–3 × (T – 25)] 
G (•OH) 1.036 × 0.28 + 7.17 × 10–3 × (T – 25)] 
G (H+) 1.036 × 0.27 + 3.4 × 10–3 × (T – 25)] 
G (•H) 1.036 × 0.06 + 1.28 × 10–3 × (T – 25)] 
G(H2O2) [G (•H) + 2 G (H2) + G (H
+) – G (•OH)]/2 
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Table B.2: Reactions and their rate constants included in the model [4]. 
ID# Primary Radiolysis Rate Constants2 (Ms−1) 
G1 H2O →  •eaq− 10–6G•e (T) (T)DR 
G2 H2O → H+ 10–6GH (T) (T)DR 
G3 H2O → •H 10–6G•H (T) (T)DR 
G4 H2O → •OH 10–6G•OH (T) (T)DR 
G5 H2O → H2 10–6GH2(T)(T)DR 
G6 H2O → H2O2 10–6GH2O2(T)(T)DR 
 Aqueous Phase Reactions Rate Constants3 (M−1s−1 or s−1) 
R2 
•eaq−   + •eaq−   + 2 H2O 
→  H2 + 2 OH− 
5.5 × 109 × exp(20300 × TF) 
R3 
•eaq−   + •H  + H2O 
→   H2 + OH− 
2.5 × 1010 × exp(15000 × TF) 
R4 •eaq−    +  •OH  →  OH− 3.0 × 10
10 × exp(7900 × TF) 
R5 •eaq−    +  O2  →  •O2− 2.2 × 10
10 × exp(14000 × TF) 
R6 •eaq−    +  H2O2  →  OH−  + •OH 1.6 × 10
10 × exp(15360 × TF) 
R7 •eaq−   +  HO2•  → HO2− 1.3× 10
10 × exp(13600 × TF) 
R8 •eaq−    +  HO2−  →  •O−  + OH− 3.5 × 10
9 × exp(15400 × TF) 
R9 
•eaq−    + •O−   +  H2O  →  OH−  + 
OH− 
2.2 × 1010 × exp(7900 × TF) 
R10 •H  +  •OH   →  H2O 7.0 × 10
9 × exp(7800 × TF) 
R11 •H  +  •H   →  H2 7.75 × 10
9 × exp(15050 × TF) 
R12 •H  +  O2  →  HO2• 2.1 × 10
10 × exp(10610 × TF) 
R13 •H  +  HO2•  →  H2O2 1.0 × 10
10 × exp(10600 × TF) 
R14 •H  +  H2O2 →  •OH  +  H2O 9.0 × 10
7 × exp(15940 × TF) 
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R15 •H  +  •O2−  →  HO2− 2.0 × 10
10 × exp(10600 × TF) 
R16* •H  +  H2O  →  H2  +  •OH 1.0 × 10
1 × H2O 
R17 •OH  +  •OH  →  H2O2 5.5 × 10
9 × exp(7650 × TF) 
R18 •OH  +  H2O2  →  HO2•   +  H2O 2.7 × 10
7 × exp(15620 × TF) 
R19 •OH  +  H2  →  OH−  +  O2 4.2 × 10
7 × exp(18150 × TF) 
R20 •OH  +  •O2− →  OH−  + O2 8 × 10
9 × exp(10850 × TF) 
R21 •OH  +  HO2•  →  H2O  +  O2 6.0 × 10
9 × exp(5600 × TF) 
R22 •OH  +  HO2−  →  HO2•  +  OH− 7.5 × 10
9 × exp(15600 × TF) 
R23 •OH  +  •O−  →  HO2− 2.0 × 10
10 × exp(7700 × TF) 
R24 •O−  +  H2O2  →  •O2−  +  H2O 2.0 × 10
8 × exp(15600 × TF) 
R25 •O−  +  H2  →  H• +  OH− 8.0 × 10
7 × exp(13800 × TF) 
R26 •O−  +  HO2−  →  •O2−  +  OH− 4.0 × 10
8 × EA 
R27 •O−   +  •O2−  →  2 OH−  + O2 6.0 × 10
8 × EA 
R28 •O−  +  O2  →  •O3− 3.8 × 10
9 × exp(11200 × TF) 
R29 •O3−  →  O2  +  •O− 3.0 × 10
2 × exp(45700 × TF) 
R30 •O3−  +  H2O2  →  •O2−  +  O2 + H2O 1.6 × 10
6 × EA 
R31 •O3−  +  HO2−  →  •O2− +  O2 + OH− 8.9 × 10
5 × EA 
R32 •O3−  +  H2  → O2 +  H• + OH− 2 × 10
6 × EA 
R33 HO2•  +  •O2−  →  HO2−  + O2 8.9 × 10
7 × EA 
R34 HO2•  +  HO2•  →  H2O2  +  O2 2.0 × 10
6 × EA 
R35* H2O2  →  •OH  +  •OH 2.3 × 10
−7 × exp (71000 × TF) 
R36f H+ + OH−  →  H2O 
10@ [20.934 − (12360/TC) + 
(6364000/ TC2) − (14.75 × 108 / TC 3) + 
(12.37 × 1010 / TC4) 
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R36b H2O → H+ + OH−    k36f × KW 
R37f 
 
H+ + HO2−    →    H2O2 
(7.22 × 109) + (1.62× 108 × TC) + (2.4 
× 106 × TC 2) − (7.81× 103 × TC 3) + 
(10.6 × TC 4) 
R37b H2O2 →  H+ + HO2− k37f /KH2O2 
R38f 
 
H+ + •O2−  →   HO2• 
(7.22 × 109) + (1.62 × 108 × TC) + 
(2.4× 106 × TC 2) − (7.81 × 103  × TC 3) 
+ (10.6 × TC 4) 
R38b HO2• → H+ + •O2−  k38f / K•HO2 
R39f 
 
H+ + •O− →   •OH 
(7.22 × 109) + (1.62 × 108 × TC) + 
(2.4× 106 × TC 2) − (7.81× 103 × TC 3) + 
(10.6 × TC 4) 
R39b   •OH →  H+ + •O−   k39f / K•OH 
R40f 
 
H+ + •eaq−  →   •H 
 
1.33 × 1014 × exp (− 38380/(8.314 ×T) 
R40b •H  → H
+ + •eaq−   K40f / K•H 
Water Density (kg–1L–1) 
ρ (T) 
1.00017 − 2.36582 × 10−5 × TC − 4.77122 × 10−
6 × TC
2 
       + 8.27411 × 10−9 × TC
3 
1 Temperature T is in K, TC is in °C, TF = [(1/298.15)-(1/T)]/8.314, EA=(exp(18000 × TF) where 
18000 is the estimated activation energy in J•mol−1 
2 The G-values and water density ((T)) as a function of temperature are presented in Table B1 and last 
portion of Table B2, respectively. 
3 The rate constants for the elementary reactions are 2nd order rate constants (M–1s–1) except for 
reactions denoted with *(R16 and R35). For the reactions involving H2O the concentration of H2O is 
included in the rate constant. 
4 The rate constants (kb) for the reverse reactions are calculated from the forward rate constants (kf) and 
the corresponding equilibrium constants (K).  The equilibrium constants as a function of temperature 
are presented in Table B3.      
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Table B.3: Equilibrium rate constants as a function of temperature (°C) in the liquid 
model [10]. 
ID # Reaction 
Equilibrium Rate Constants 
(M−1s−1) 
R36f/R36b H2O  ⇆   H+  +  OH−   
pKw = 14.95 − (4.27 × 10–2 × T) + 
(21.15 ×10–5 × T2) − (57.86 × 10–8 × 
T3) + (75. 92 × 10–11 × T4) 
R37f/R37b 
 
H2O2 ⇆  H+  +  HO2−  
 
pK (H2O2) = 12.5 − (3.31 × 10
–2  × 
T) + (1.96 × 10–4 × T2) − (6.19 ×   
10–7 × T3) + (8.24 × 10–10 ×T4) 
R38f/R38b 
 
HO2•
  ⇆  H+  +  •O2−  
pK (HO2•) = 4.917 − (3.81 × 10
–3 × 
T ) + (8.77 × 10–7 × T2) − (2.17 ×  
10–7 × T3) + (4.00 × 10–10 × T4) 
R39f/R39b 
 
•OH  ⇆ H+  +  •O−  
pK (•OH) = 12.5 − (3.31 × 10–2 × T) 
+ (1.96 × 10–4 × T2) − (6.19 × 10–7  × 
T3) + (8.24 × 10–10 × T4) 
R40f/R40b 
 
•H  ⇆ H+  +  •eaq−  
pK (H) = 10.49 − (4.10 × 10–2 × T) 
+ (1.44 × 10–4 × T2 ) − (2.32 × 10–7 
× T3) + (2.0 × 10–10 × T4) 
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2.  G-values, Reactions and Rate Constants Used to Develop the 
Humid Air Radiolysis Model (HARM. 
Table B.4: G-Values, reactions and rate constants used in HARM calculations [11]. 
G-Values (molecules/100 eV) 
Reaction No. Formation Reaction G-value 
R1a N2 → N2* 0.29 
R1b N2 → N(2D) 0.885 
R1c N2 → N(2P) 0.295 
R1d N2 → N(4S) 1.18 
R1e N2 → N2+ + e− 2.27 
R1f N2 → N+ + N + e− 0.69 
R1g O2 → O2* 0.077 
R1h O2 → O(3P) + O(1D) 1.82 
R1i O2 → O(3P) + O* 0.18 
R1j O2 → O(3P) +O+ + e− 0.80 
R1k O2 → O(1D) +O+ + e− 0.43 
R1l O2 → O2+ + e− 2.07 
R1m H2O → H2 + O 0.45 
R1n H2O → OH + H 3.58 
R1o H2O → H2O+ + e− 1.99 
R1p H2O → H2+ + O + e− 0.01 
R1q H2O → H+ + OH + e− 0.67 
R1r H2O → OH+ + H + e− 0.57 
R1s H2O → O+ + H2 + e− 0.06 
R1t CO2 → CO + O 4.51 
R1u CO2 → CO2+ + e− 2.24 
R1v CO2 → CO+ + O + e− 0.51 
R1w CO2 → C+ + 2O + e− 0.07 
R1x CO2 → O+ + CO + e− 0.21 
Reactions and Rate Constants  
 Positive Ion-Neutral Reaction Rate Constant (cm3s-1 (25C)) 
1  N2++ O2 →  O2+ + N2 3.9 10-10exp(-T/143) 
2 N2++ O2 →  NO+ + NO 1.0  10-17 
3 N2++ H2O  →  H2O+ + N2 2.0  10-9 
4 N2++ CO2 →    CO2+ + N2 8.3  10-10 
5 N2++ NO →   NO+ + N2 3.3  10-10 
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6 N2++ NO2 →  NO2+ + N2 3.0  10-10 
7 N2++ NH3 →  NH3+ + N2 1.9  10-9 
8 N2++ O3  →  O2+ + O + N2 1.0  10-10 
9 N2++ N2O → N2O+ + N2 3.0  10-10 
10 N2++ H2  → H2+ + N2 4.0  10-10 
11 N2++ CO →  CO+ + N2 7.0  10-11 
12 N2++ OH →  OH+ + N2 4.6  10-10 
13 N2++ H → H+ + N2 2.5  10-10 
14 N2++ O →  NO+ + N 1.4  10-10 
15 N2++ O  → NO+ + N2D 1.8  10-10(300/T) 
16 N2+ + O →  O+ + N2 6.0  10-12 
17 N2++ N →  N+ + N2 1.0  10-11 
18 N2++ N →  N3+ 1.0  10-29(300/T) 
19 N2++ N2 →  N4+ 5.0  10-29(300/T) 
21 N+ + O2  →  NO+ + O 2.6  10-10 
22 N+ + O2 →    N + O2+ 3.0  10-10 
23 N+ + O2  → O+ + NO 3.6  10-11 
24 N+ + H2O →  H2O+ + N 2.4  10-9 
25 N+ + H2O  → NO+ + H2 2.4  10-10 
26 N+ + CO2  →  CO2+ + N 1.3  10-9 
27 N+ + CO2 → CO+ + NO 2.5  10-10 
28 N+ + NO  → NO+ + N 4.1  10-10 
29 N+ + NO  → N2+ + O 5.0  10-11 
30 N+ + NO2  → NO+ + NO 5.0  10-10 
31 N+ + NO2  → NO2+ + N 3.0  10-10 
32 N+ + NH3  →  NH3+ + N 1.7 10-9 
33 N+ + O3 →    NO+ + O2 5.0  10-10 
34 N+ + N2O →  NO+ + N2 5.5  10-10 
35 N+ + H2  →  H2+ + N 2.0  10-10 
36 N+ + CO →  CO+ + N 4.9  10-10 
37 N+ + OH  →  OH+ + N 3.4  10-10 
38 N+ + OH  →  NO+ + H 3.4  10-10 
39 N+ + H →  H+ + N 3.0  10-10 
40 N+ + O  → O+ + N 1.0  10-12  
41 N+ + O →  NO+ 1.0  10-29(300/T) 
42 N+ + N →  N2+ 1.0  10-29(300/T) 
43 N+ + N2  →  N3+ 1.8  10-29(300/T) 
44 N3+ + O2  →  NO+ + O + N2 4.0  10-7(300/T)0.5 + 3.0  10-25(300/T)2.5M 
45 N3+ + NO → NO+ + N + N2 4.0  10-7(300/T)0.5 + 3.0  10-25(300/T)2.5M 
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46 N3+ + NO2 →  NO2+ + N + N2 4.0  10-7(300/T)0.5 + 3.0 10-25(300/T)2.5M 
47 N3+ + N  →    N2+ + N2 4.0  10-7(300/T)0.5 + 3.0 10-25(300/T)2.5M 
48 N4+ + H2O  →  H2O+ + N2 + N2 3.0  10-10 
49 N4+ + CO2 →     CO2+ + N2 + N2 3.0  10-10 
50 N4+ + N2O  → N2O+ + N2 + N2 3.0  10-10 
51 N4+ + OH → OH+ + N2 + N2 3.0  10-10 
52 O2+ + N2  → NO+ + NO 1.0  10-16 
53 O2+ + NO →  NO+ + O2 3.5  10-10 
54 O2+ + NO2 → NO2+ + O2 6.0  10-10 
55 O2+ + NH3  → NH3+ + O2 2.4  10-9 
56 O2+ + N2O5 →  NO2+ + NO3 + O2 8.8  10-10 
57 O2+ + N  →    NO+ + O 1.8  10-10 
58 O2+ + 2O2  →    O4+ + O2 2.8  10-30(300/T) 
59 O2+ + H2O  → O2+H2O 2.8  10-28M(300/T) 
60 O+ + N2  →    N2+ + O 9.0  10-11T-0.7 
61 O+ + N2 → NO+ + N 1.2  10-12 + 5.4  10-29(300/T)M 
62 O+ + O2 → O2+ + O 6.6  10-10 T-0.55 
63 O+ + H2O →  H2O+ + O 2.7  10-9 
64 O+ + CO2 → O2+ + CO 1.0  10-9 
65  O+ + NO  → NO+ + O 1.0  10-12 
66 O+ + NO2  → NO2+ + O 1.6  10-9 
67 O+ + NO2 →  NO+ + O2 5.0  10-10 
68 O+ + NH3  →  NH3+ + O 1.2  10-9 
69 O+ + O3  → O2+ + O2 1.1  10-10 
70 O+ + N2O → N2O+ + O 5.0  10-10 
71 O+ + H2  → OH+ + H 1.8  10-9 
72 O+ + OH → OH+ + O 3.3  10-10 
73 O+ + OH →  H+ + O2 2.7  10-11(T/300)0.13 
74 O+ + OH  → O2+ + H 3.6  10-10 
75  O+ + H →  H+ + O 6.8  10-11 
76  O4+ + H2O →    O2+(H2O) + O2 1.8  10-9 
77  O4+ + NO  → NO+ + 2O2 5.0  10-10 
78 O4+ + NO2  → NO2+ + 2O2 3.0  10-10 
79 O4+ + O →  O2+ + O3 3.0  10-10 
80 O2+(H2O) + H2O →    H3O+ + OH + O2 2.0  10-10 
81 O2+(H2O) + H2O →  H3O+(OH) + O2 1.5  10-9 
82 O2+(H2O) + NO2 → NO2+ + H2O + O2 3.0  10-10 
83 O2+(H2O) + NO → NO+ + H2O + O2 1.0  10-10 
84 H2O+ + O2 →     O2+ + H2O 2.6  10-10 
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85 H2O+ + H2O  →     H3O+ + OH 1.7  10-9 
86 H2O+ + NO  → NO+ + H2O 6.0  10-10 
87 H2O+ + NO2  →  NO2+ + H2O 3.0  10-10 
88 H2O+ + NH3  →  NH3+ + H2O 2.2  10-9 
89 H2O+ + NH3  →  NH4+ + OH 9.0  10-10 
90 H2O+ + H2 → H3O+ + H 8.7  10-10 
91 H2O+ + OH  → H3O+ + O 6.9  10-10 
92 H2O+ + O →  O2+ + H2 5.5  10-11 
93 H2O+ + N →  NO+ + H2 9.0  10-11 
94 H3O+ + N2O5  →  NO2+(H2O) + HNO3 5.5  10-10 
95 H3O+ + N2O5  → NO2+ + H2O + HNO3 5.5  10-10 
96 H3O+ + NH3  →    NH4+ + H2O 2.2  10-9 
97 H3O+ + HNO3  →  NO2+(H2O) + H2O 1.6  10-9 
98 H3O+ + OH + O2 →  O2+(H2O) + H2O 1.6  10-27(T/300)0.55 
99 H3O+ + OH + M  →    H3O+(OH) + M 5.4  10-25(300/T)0.7 
100 H3O+ + H2O + M  →    H3O+(H2O) + M 3.7  10-27(300/T) 
101 H3O+(OH) + H2O  →    H3O+ + H2O + OH 1.4  10-9 
102 H3O+(OH) + H2O  →    H3O+ + H2O + OH 3.0  10-9 
103 H3O+(OH) + NO  →    NO+ + 2H2O 3.0  10-10 
104 H3O+(OH) + NO2  →    NO2+ + 2H2O 3.0  10-10 
105 H3O+(H2O)+H2O+ M →    H3O+(H2O)2 + M 3.0  10-27M(300/T) 
106 H3O+(H2O) + OH  →    H3O+(OH) + H2O 2.1  10-11(300/T)1.46exp(-4503/T) 
107 
H3O+(H2O)2+M   →    H3O+(H2O)+H2O + 
M 
5.9  10-1M(T/300)0.54 exp(-11220/T) 
108 H3O+(H2O)2+ HNO2 →    NO+(H2O)3 + H2O 1.1  10-8(300/T)2.6 
109 CO2+ + O2   →    O2+ + CO2 6.5 10-9 T -0.78 
110 CO2+ + H2O   →    H2O+ + CO2 1.7  10-9 
111 CO2+ + NO  →  NO+ + CO2 1.2  10-10 
112 CO2+ + NO2  →  NO2+ + CO2 3.0  10-10 
113 CO2+ + NH3  →  NH3+ + CO2 1.9  10-9 
114 CO2+ + N2O  →  N2O+ + CO2 3.0  10-10 
115 CO2+ + OH  →  OH+ + CO2 3.0  10-10 
116 CO2+ + O  →  CO + O2+ 1.3  10-10 
117 CO2+ + O  →  O+ + CO2 1.3  10-10 
118 CO2+ + H  →  H+ + CO2 1.9  10-10 
119 CO+ + O2  →  O2+ + CO 1.0  10-10 
120 CO+ + H2O  →  H2O+ + CO 1.3  10-10 
121 CO+ + CO2  →  CO2+ + CO 8.5  10-10 
122 CO+ + NO  →  NO+ + CO 3.3  10-10 
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123 CO+ + NO2  →  NO2+ + CO 3.0  10-10 
124 CO+ + NH3  →  NH3+ + CO 2.0  10-9 
125 CO+ + N2O  →  N2O+ + CO 3.0  10-10 
126 CO+ + OH  →   OH+ + CO 2.5  10-10 
127 CO+ + OH  →  CO2+ + H 2.1  10-10 
128 CO+ + O  →  O+ + CO 1.4  10-10 
129 CO+ + H  →  H+ + CO 3.0  10-10 
130 C+ + O2  →  CO+ + O 3.0  10-10 
131 C+ + O2  → O+ + CO 6.0  10-10 
132 C+ + CO2  →  CO+ + CO 1.5  10-9 
133 C+ + NO  →  N+ + CO 7.0  10-10 
134 C+ + OH  →  CO+ + H 7.7  10-10 
135 H+ + O2  →  O2+ + H 1.2  10-9 
136 H+ + H2O  →  H2O+ + H 8.2  10-9 
137  H+ + H2O  →  H3O+ 2.0  10-27M 
138 H+ + CO2  →  CO2+ + H 1.2  10-9exp(-1942/T) 
139 H+ + NO  →    NO+ + H 7.0  10-10 
140 H+ + NO2  →  NO2+ + H 3.0  10-10 
141 H+ + NH3  →    NH3+ + H 5.2  10-9 
142 H+ + N2O  →  N2O+ + H 3.0  10-10 
143 H+ + OH  →  OH+ + H 2.0  10-9 
144 H+ + O  →    O+ + H 3.8  10-10 
145 H2+ + O2  →  O2+ + H2 8.0  10-10 
146 H2+ + O2  → H2O+ + O 1.9  10-9 
147 H2+ + H2O  → H2O+ + H2 3.9  10-9 
148 H2+ + H2O  →  H3O+ + H 3.4  10-9 
149 H2+ + CO2  →  CO2+ + H2 1.4  10-9 
150 H2+ + CO2  → CO+ + H2O 1.4  10-9 
151 H2+ + CO  →  CO+ + H2 6.44  10-10 
152 H2+ + NO  →  NO+ + H2 1.1  10-9 
153 H2+ + NH3  →  NH3+ + H2 5.7  10-9 
154 H2+ + OH  →  H2O+ + H 7.5  10-10 
155 H2+ + OH  →  OH+ + H2 7.5  10-10 
156 H2+ + H  →  H+ + H2 6.4  10-10 
157 OH+ + O2  → O2+ + OH 2.0  10-10 
158 OH+ + H2O  → H3O+ + O 1.5  10-9 
159 OH+ + H2O  →  H2O+ + OH 1.5  10-9 
160 OH+ + NO  →  NO+ + OH 4.6  10-10 
161 OH+ + NO2  →  NO2+ + OH 3.0  10-10 
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162 OH+ + NH3  →  NH3+ + OH 1.2  10-9 
163 OH+ + NH3  →  NH4+ + O 1.2  10-9 
164 OH+ + N2O  →  N2O+ + OH 5.0  10-10 
165 OH+ + N2O  →  NO+ + HNO 1.7  10-10 
166 OH+ + H2 →    H2O+ + H 1.3  10-9 
167 OH+ + OH  → H2O+ + O 7.0  10-10 
168 NO+ + H2O  →  NO+H2O 1.5  10-8M(300/T) 
172 NO+ + O3  →  NO2+ + O2 1.0  10-14 
173 NO+ + N2O5  →  NO2+ + 2NO2 5.9  10-10 
174  NO+ + N  →  N2O+ 1.0  10-9M(300/T) 
175 NO+(H2O) + H2O  →    NO+(H2O)2 1.1  10-7(300/T)M 
176 NO+(H2O) + NO2  →    NO2+(H2O) + NO 2.0  10-15 
177 NO+(H2O) + NH3  →    NH4+ + HNO2 1.0  10-9 
178 NO+(H2O)2   →   NO+(H2O) + H2O 1.0  10-14M 
179 NO+(H2O)2 + H2O  →    NO+(H2O)3 2.0  10-7M(300/T) 
180 NO+(H2O)2 + NH3  →   NH4+ + HNO2 + H2O 1.0  10-9NH4+/H2O clusters neglected 
181 NO+(H2O)3   →   NO+(H2O)2 + H2O 1.5  10-12M 
182 NO+(H2O)3 + H2O  →   H3O+(H2O)2 + HNO2 2.0  10-6exp(-3000/T) 
183 
NO+(H2O)3 + NH3  →   NH4+ + HNO2 + 
2H2O 
1.0  10-9 
184 NO2+ + NO   →   NO+ + NO2 2.9  10-10 
185 NO2+ + H2O + N2  →   NO2+(H2O) + N2 5.0 10-28 
186 NO2+(H2O) + NH3   →   NH4+ + HNO3 6.4 10-10 
187 NO2+(H2O) + N2   →   NO2+ + H2O + N2 5.0  10-15 
188 NO2+(H2O) + NO  →   NO+(H2O) + NO2 3.1  10-11 
189 NO2+(H2O) + H2O + N2  →   NO2+(H2O)2 + N2 2.0  10-27 
190 NO2+(H2O)2 + H2O   →   H3O+(H2O) + HNO3 2.0  10-10 
191 N2O+ + O2  →  O2+ + N2O 2.3  10-10 
192 N2O+ + O2  →  NO+ + NO2 4.0  10-11 
193 N2O+ + H2O  →  H2O+ + N2O 3.0  10-10 
194 N2O+ + NO  →  NO+ + N2O 2.0  10-10 
195 N2O+ + NO2  →  NO2+ + N2O 2.2  10-10 
196 N2O+ + NO2  →  NO+ + N2 + O2 3.3  10-10 
197 N2O+ + N2O  →  NO+ + NO + N2 1.2  10-11 
198 N2O+ + CO  →  CO2+ + N2 1.0  10-10 
199 N2O+ + OH → OH+ + N2O 9.2 10-11(300/T)0.46exp(-3326/T) 
202 NH3+ + H2O  →  NH4+ + OH 6.0  10-11 
203 NH3+ + NO  →  NO+ + NH3 7.3  10-10 
204 NH3+ + NH3  →  NH4+ + NH2 2.0  10-9 
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205 NH3+ + OH  →  NH4+ + O 7.0  10-10 
206 NH3+ + NH2  →  NH4+ + NH 1.0  10-11 
 Negative Ion-Neutral Reaction 
207 e-(hot)  →  e- 1.0  109 
208 e− + 2O2  →  O2− + O2 1.2  10-29(300/T)1.38exp(-6602/T) 
209 e− + O2  →  O2− 3.0  10-31(M - O2)M IS NOT O2  
210 e− + NO  →  NO−  8.0  10-31M 
211 e− + NO2  →  NO2−  1.5  10-30M 
212 e− + HNO3  →  NO2− + OH 5.0  10-8 
213 e− + O3  →  O− + O2 9.0  10-12(300/T)1.5 
214 e− + O3  →  O3− 1.0  10-30M 
215 e− + NO3  →  NO3− 1.0  10-30M 
216 O− + O2  →  O3− 1.1  10-30M(300/T) 
217 O− + O2  →  e− + O3 3.0  10-10 
218 O− + CO2  →  CO3− 8.0  10-29M(300/T) 
219 O− + NO  →  e− + NO2 3.1  10-10(300/T)0.83 
220 O− + NO  →  NO2− 1.0  10-9M(300/T) 
221 O− + NO2  →  NO2− + O 1.2  10-9 
222 O− + N2O  →  NO− + NO 2.3  10-10 
223 O− + O3  →  O3− + O 6.5  10-10 
224 O− + CO  →  e− + CO2 6.0  10-10(300/T)0.32 
225 O− + H2  →  e− + H2O 6.5 10-10(300/T)0.19 
226 O− + O  →  e− + O2 1.9 10-10 
227 O− + N  →  e− + NO 2.0 10-10 
228 O− + NO3  →  NO3− + O 3.0 10-10 
229 O2− + O2  →  O4− 3.5 10-31M(300/T) 
230 O2− + O2  →  e− + 2O2  2.0 10-10 
231 O2−+ H2O  →  O2−H2O 3.0  10-28M(300/T) 
232 O2− + NO2  →  NO2− + O2 8.0  10-10 
233 O2− + HNO3  →  NO3− + HO2 2.8  10-10 
234 O2−+ O3  →  O3− + O2 5.0  10-10 
235 O2− + H2  →  e− + H2O2 1.0  10-9 
236 O2− + O  →  O− + O2 1.5  10-10 
237 O2− + O  →  e− + O3 1.5  10-10 
238 O2− + H  →  e− + HO2 1.0  10-9 
239 O2− + N  →  e− + NO2 5.0  10-10 
240 O2− + NO3  →  NO3− + O2 5.0  10-10 
241 O2−H2O + NO  →  NO3− + H2O 3.0  10-10 
242 O2−H2O + NO2  →  NO2− + O2 + H2O 3.0  10-10 
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243 O2−H2O + O3  →  O3− + O2 + H2O 8.0  10-10 
244 O2−H2O + O  →  O− + O2 + H2O 3.0  10-10 
245 O2−H2O + NO3     →  NO3− + O2 + H2O 3.0  10-10 
246 O2−H2O + N  →  e− + NO2 + H2O 1.0  10-10 
247 O3− + CO2  →  CO3− + O2 4.8  10-10 
248 O3− + NO  →  NO2− + O2 1.0  10-11 
249 O3− + NO2  →  NO2− + O3 2.8  10-10 
250 O3− + NO2  →  NO3− + O2 2.0  10-11 
252 O3− + O  →  O2− + O2 2.5  10-10 
253 O3− + O  →  e−+ O2 + O2 1.0  10-11 
254 O3− + NO3  →  NO3−+ O3 5.0  10-10 
255 NO−  →  e− + NO 2.1  10-11M(300/T)1.54exp(-278/T) 
256 NO− + O2  →  O2− + NO 5.0  10-10 
257 NO− + NO2  →  NO2− + NO 3.0  10-10 
258 NO− + O3  →  O3− + NO 3.0  10-10 
259 NO− + O  →  O− + NO 3.0  10-10 
260 NO− + NO3  →  NO3− + NO 3.0  10-10 
261 NO2−+ NO2  →  NO3− + NO 2.0  10-13 
262 NO2−+ HNO3         →      NO3− + HNO2 1.6  10-9 
263 NO2− + N2O5   →  NO3− + NO2 + NO2 6.5  10-10 
264 NO2− + O3   →  NO3− + O2 5.0  10-11 
265 NO2− + NO3   →  NO3− + NO2 5.0  10-10 
266 NO3− + NO  →  NO2− + NO2 4.3  10-11(300/T)0.35exp(-3788/T) 
267 NO3− + O + CO2  →  CO3−+ NO3 8.2  10-34(300/T)1.16exp(-2619/T) 
268 CO3− + NO  →  NO2− + CO2 1.0 10-11 
269 CO3− + NO2  →  NO3− + CO2 2.0  10-10 
270 CO3− + HNO3  →  NO3− + OH + CO2 8.0 10-10 
271 CO3− + N2O5  →  NO3− + NO3 + CO2 2.8 10-10 
273 CO3− + O  →  O2− + CO2 1.1 10-10 
274 CO3− + NO3  →  NO3− + CO2 + O 3.0 10-10 
276 N2+ + e−  →  N + N2D 2.2  10-7(300/T)0.39+6.0  10-27(300/T)2.5M 
277 N2+ + e−  →  N2 4.0  10-12(300/T)0.7+6.0  10-27(300/T)2.5M 
278 N2+ + O2−  →  N2 + O2 1.6 10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
279 N2+ + O−  →  N2 + O 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
280 N2+ + O3−  →  N2O + O2 4.0 10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
281 N2+ + NO−  →  N2 + NO 4.0 10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
282 N2+ + NO2−  →  NO2 + N2 4.0 10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
283 N2+ + NO3−  →  NO2 + N2O 4.0 10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
284 N2+ + CO3−  →  CO2 + N2 + O 4.0 10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
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285 N2+ + O4−  →  N2 + 2O2  4.0 10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
286 N2+ + O2−H2O     → N2 + O2 + H2O 5.0 10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
287 N+ + e−  →  N 3.5 10-12(300/T)0.7+6.0 10-27(300/T)2.5M 
288 N+ + O−  →  N + O 2.6  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
289 N+ + O2−  →  N + O2 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
290 N+ + O3−  →  NO + O2 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
291 N+ + NO−  →  O + N2 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
292 N+ + NO2−  →  NO + NO 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
293 N+ + NO3− →  NO + NO2 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
294 N+ + CO3−  →  NO + CO2 4.0 10-7(300/T) 0.5+3.0  10-25(300/T)2.5M 
295 N+ + O2−H2O  →  NO2 + H2O 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
296 N3+ + e−  →  N2 + N 6.0  10-27(300/T)2.5M + 7.0  10-7(300/T) 
297 N3+ + O−  →  NO + N2 4.0  10-7(300/T)0.5+3.0  10-25 (300/T)2.5M 
298 N3+ + O2−  →  NO2 + N2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
299 N3+ + O3− →  NO3 + N2 4.0  10-7(300/T)0.5+3.0  10-25*(300/T)2.5M 
300 N3+ + NO−  →  N2 + N2O 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
301 N3+ + NO2−  →  O2 + 2N2  4.0  10-7(300/T)0.5 +3.0  10-25(300/T)2.5M 
302 N3+ + NO3−  →  NO + NO2 + N2 4.0  10-7(300/T)0.5 +3.0  10-25(300/T)2.5M 
303 N3+ + CO3−  →  NO + CO2 + N2 4.0  10-7(300/T)0.5 +3.0  10-25(300/T)2.5M 
304 N3+ + O2−H2O  → N2 + NO2 + H2O 5.0  10-7(300/T)0.5 +3.0  10-25(300/T)2.5M 
305 N3+ + O4−  →  N2 + NO2 + O2 4.0  10-7(300/T)0.5 +3.0  10-25(300/T)2.5M 
306 N4+ + e−  →  2N2  2.0  10-6(300/T) +6.0  10-27(300/T)2.5M 
307 N4+ + O2−  →  2N2 + O2 4.0  10-7(300/T)0.5 +3.0  10-25(300/T)2.5M 
308 N4+ + NO−  →  2N2+ NO 4.0  10-7(300/T)0.5 +3.0 10-25(300/T)2.5M 
309 N4+ + NO2−  →  2N2+ NO2 4.0  10-7(300/T)0.5 +3.0 10-25(300/T)2.5M 
310 N4+ + NO3−  →  N2 + NO2 + N2O 4.0  10-7(300/T)0.5 +3.0 10-25(300/T)2.5M 
311 N4+ + O2−H2O  → 2N2 + H2O + O2 5.0  10-7(300/T)0.5 +3.0  10-25(300/T)2.5M 
312 N4+ + O4−  →  2N2 + 2O2  4.0  10-7(300/T)0.5 +3.0  10-25(300/T)2.5M 
313 O2+ + e−  →  O + O1D 2.1  10-7(300/T)0.55 
314 O2+ + e− →  O2 4.0  10-12(300/T).7+6.0  10-27(300/T)2.5M 
315 O2+ + O− →  O2 + O 9.6  10-8(300/T)0.5+3.0  10-25(300/T)2.5M 
316 O2+ + O2− →  2O2  4.2  10-7(300/T)0.5 +3.0  10-25(300/T)2.5M 
317 O2+ + O3− →  2O2 + O 4.0  10-7(300/T)0.5 +3.0 10-25(300/T)2.5M 
318 O2+ + NO− →  NO + O2 4.0  10-7(300/T)0.5 +3.0 10-25(300/T)2.5M 
319 O2+ + NO2− →  NO2 + O2 4.0  10-7(300/T)0.5 +3.0 10-25(300/T)2.5M 
320 O2+ + NO3− →  NO2 + O2 + O 1.3  10-7(300/T)0.5 +3.0  10-25(300/T)2.5M 
321 O2+ + CO3− →  CO2 + O2 + O 4.0 10-7(300/T)0.5 +3.0 10-25(300/T)2.5M 
322 O2+ + O2− H2O → 2O2 + H2O 5.0 10-7(300/T)0.5 +3.0 10-25(300/T)2.5M 
323 O+ + e− →  O 4.0 10-12(T/300)0.7 +6.0 10-27(300/T)2.5M 
232 
 
 
324 O+ + O− →  2O  2.7 10-7(300/T)0.5 +3.0 10-25(300/T)2.5M 
325 O+ + O2−  →  O + O2 4.0 10-7(300/T)0.5 +3.0 10-25(300/T)2.5M 
326 O+ + O3−  →  2O2  4.0 10-7(300/T)0.5 +3.0 10-25(300/T)2.5M 
327 O+ + NO−  →  NO + O 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
328 O+ + NO2−  →  NO + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
329 O+ + NO3− →  O2 + NO2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
330 O+ + CO3−  →  O2 + CO2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
331 O+ + O2-H2O  →  O3 + H2O 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
332 O4+ + e− →  2O2  2.0  10-6(300/T)+6.0 10-27(300/T)2.5M 
333 O4+ + O−  →  O2 + O3 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
334 O4+ + O2−  →  2O2 + 2O  2.0  10-6 
335 O4+ + O2−  →  3O2  4.0 10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
336 O4+ + O3−  →  O2 + O3 4.0 10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
337 O4+ + NO−  →  O2 + NO3 4.0 10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
338 O4+ + NO2−  →  O2 + NO2 4.0 10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
339 O4+ + NO3−  →  O2 + NO2 + O3 4.0 10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
340 O4+ + CO3−  →  O2 + CO2 + O3 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
341 O4+ + O2-H2O  →  3O2 + H2O 5.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
342 O2+(H2O) + e−  → H2O + O2 1.5  10-6(300/T)0.2+5.0  10-26(300/T)2.5M 
343 O2+(H2O) + O−  → H2O + O3 5.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
344 O2+(H2O) + O2−  →   H2O + 2O2  5.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
345 O2+(H2O) + O3−  → H2O + O2 + O3 5.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
346 O2+(H2O) + O4−  →     H2O + 3O2  4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
347 O2+(H2O) + NO− →   H2O + NO3 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
348 O2+(H2O) + NO2− →    H2O + O2 + NO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
349 O2+(H2O) + NO3− →    H2O + O3 + NO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
350 O2+(H2O) + CO3−→ H2O + O2 + CO2 + O 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
351 O2+(H2O) + O2-H2O →  2O2 + 2H2O  5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
352 H2O+ + e−  →   OH + H 6.6  10-6T-0.5 
353 H2O+ + e−  →    H2 + O 2.4  10-6T-0.5 
354 H2O+ + e−  →    2H + O 3.0  10-6T-0.5 
355 H2O+ + e−  →    H2O 6.0  10-27M(300/T)2.5 
356 H2O+ + O−   →    H2O + O 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
357 H2O+ + O2−   →    H2O + O2 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
358 H2O++ O3−   →    H2O + O3 4.0 10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
359 H2O++ O4−   →    2O2 + H2O 4.0 10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
360 H2O++ NO−   →    NO + H2O 4.0 10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
361 H2O++ NO2−  →    NO2 + H2O 4.0 10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
362 H2O++ NO3−   →    NO3 + H2O 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
233 
 
 
363 H2O++ CO3−   →    H2O + CO2 + O 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
364 H2O++ O2-H2O   →     O2 + 2H2O  5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
365 H3O+ + e−   →    H2O + H 6.5  10-7(300/T)0.5+6.0 10-27(300/T)2.5M 
366 H3O+ + e−   →    OH + 2H  6.5 10-7(300/T)0.5 
367 H3O+ + O−   →    H2O + OH 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
368 H3O+ + O2−   →    H2O + O2 + H 2.0 10-6 
369 H3O+ + O2−   →    H2O + HO2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
370 H3O+ + O3−   →   H2O + OH + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
371 H3O+ + NO−   →   H2O + H + NO 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
372 H3O+ + NO2−   →   H2O + H + NO2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
373 H3O+ + NO3−   →  H2O + OH + NO2 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
374 H3O+ + CO3−   →  H2O + CO2 + OH 4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
375 H3O+ + O2-H2O   →  2H2O + HO2 5.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
376 H3O+(OH) + e−   →   H2O + H + OH 3.0  10-6(300/T) 
377 H3O+(OH) + e−   →  2H2O  5.0  10-26M(300/T)0.5 
378 H3O+(OH) + O−   →   H2O + H2O2 5.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
379 H3O+(OH) + O2−  →    2H2O + O2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
380 H3O+(OH) + O3−  →  H2O + H2O2 + O2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
381 H3O+(OH) + NO−  →  2H2O + NO 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
382 H3O+(OH) + NO2−  →  2H2O + NO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
383 H3O+(OH) + NO3−  →  H2O + H2O2 + NO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
384 H3O+(OH) + CO3−  →  H2O + CO2 + H2O2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
385 H3O+(OH) + O2-H2O  →  2H2O + O2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
386 H3O+(OH) + e−   →  H2O + H 2.8  10-6(300/T)0.5+5.0 10-26(300/T)2.5M 
387 H3O+(OH) + O−   →  H2O + OH 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
388 H3O+(OH) + O2−  →  2H2O + HO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
389 H3O+(OH) + O3−  →  2H2O + O2 + OH 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
390 H3O+(OH) + NO−  →   2H2O + H + NO 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
391 H3O+(OH) + NO2−  →  2H2O + NO2 + H 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
392 H3O+(OH) + NO3− →  2H2O + NO2 + OH 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
393 H3O+(OH) + CO3−  →  2H2O + CO2 + OH 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
394 H3O+(OH) + O2-H2O →  HO2 + 3H2O  5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
395 H3O+(H2O)2 + e−   →  3H2O + H 5.1  10-6(300/T)0.5+5.0 10-26(300/T)2.5M 
396 H3O+(H2O)2 + O−   →  3H2O + OH 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
397 H3O+(H2O)2 + O2−   →  3H2O + HO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
398 H3O+(H2O)2 + O3−  →   3H2O + O2 + OH 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
399 H3O+(H2O)2 + O4−   →  3H2O + O2 + HO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
400 H3O+(H2O)2 + NO− →  3H2O + H + NO 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
401 H3O+(H2O)2 + NO2− →  3H2O + NO2 + H 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
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402 H3O+(H2O)2+ NO3− →  3H2O + NO2 + OH 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
403 H3O+(H2O)2+ CO3− →  3H2O + CO2 + OH 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
404 H3O+(H2O)2 + O2-H2O →  4H2O + HO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
405 CO2+ + e−  →  CO + O 4.0  10-7(300/T)0.5 
406 CO2+ + e−  →  CO2 6.0  10-27M(300/T)0.5 
407 CO2++ O−  →  CO2 + O 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
408 CO2+ + O2−  →  CO2 + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
409 CO2+ + O3− →  CO2 + O3 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
410 CO2+ + O4−  →  CO2 + 2O2  4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
411 CO2+ + NO−  →  CO2 + NO 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
412 CO2+ + NO2−  →  CO2 + NO2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
413 CO2+ + NO3−  →  CO2 + NO3 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
414 CO2+ + CO3−  →  2CO2 + O 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
415 CO2+ + O2-H2O  →  CO2 + O2 + H2O 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
416 CO+ + e−  →  CO 6.0  10-27M(300/T)2.5 
417 CO+ + O−  →  CO + O 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
418 CO+ + O2−  →  CO2 + O 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
419 CO+ + O3−  →  CO2 + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
420 CO+ + O4−  →  CO2 + O2 + O 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
421 CO+ + NO−  →  CO + NO 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
422 CO+ + NO2−  →  CO2 + NO 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
423 CO+ + NO3−  →  CO2 + NO2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
424 CO+ + CO3−  →  2CO2  4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
425 CO+ + O2-H2O  →  CO2 + O + H2O 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
426 H+ + e− →  H 3.5  10-12(300/T)0.7+6.0 10-27(300/T)2.5M 
427 H+ + O− →  H + O 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
428 H+ + O2−  →  H + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
429 H+ + O3− →  OH + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
430 H+ + NO− →  NO + H 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
431 H+ + NO2−  →  NO + OH 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
432 H+ + NO3−  →  NO2 + OH 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
433 H+ + CO3−  →  CO2 + OH 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
434 H+ + O2-H2O  →  H2O + HO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
435 H2+ + e−  →  H + H 2.3 10-8(100/T)0.29 
436 OH+ + e−  →  H + O 2.0 10-7 
437 OH+ + e−  →  OH 6.0 10-27M(300/T)2.5 
438 OH+ + O−  →  H + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
439 OH+ + O2−  →  OH + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
440 OH+ + O3−  →  HO2 + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
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441 OH+ + NO−  →  OH + NO 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
442 OH+ + NO2−  →  OH + NO2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
443 OH+ + NO3−  →  HNO2 + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
444 OH+ + CO3−  →  H + O2 + CO2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
445 OH+ + O2-H2O  → OH + O2 + H2O 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
446 NO+ + e−  →  NO 4.0  10-12(300/T)0.7+ 6.0 10-27(300/T)2.5M 
447 NO+ + e− →  N + O 1  10-27 M 
448 NO+ + e− →  O + N2D 4.3 10-7(300/T)0.8 
449 NO+ + O−  →  O + NO 4.9  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
450 NO+ + O2−  →  NO + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
451 NO+ + O3−  →  NO + O + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
452 NO+ + NO−  →  O2 + N2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
453 NO+ + NO2−  →  NO2 + N + O 1.0  10-7 
454 NO+ + NO2−  →  NO + NO2 3.5  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
455 NO+ + NO3− →  NO3 + N + O 1.0 10-7 
456 NO+ + NO3−  →  2NO2  4.0  10-7(300/T)0.5+3.0  10-25(300/T)2.5M 
457 NO+ + CO3−  →  NO2 + CO2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
458 NO+ + O4−  →  2O2 + NO 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
459 NO+ + O2-H2O  → NO3 + H2O 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
460 NO+H2O + e− →  H2O + NO 1.0  10-6(300/T)0.2+3.0 10-26(300/T)2.5M 
461 NO+H2O + O−   →   H2O + NO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
462 NO+H2O + O2−   →    H2O + O2 + NO 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
463 NO+(H2O) + O3−  →    H2O + O2 + NO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
464 NO+(H2O) + NO−  →    H2O + O2 + N2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
465 NO+(H2O) + NO2−  →    H2O + NO2 + NO 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
466 NO+(H2O) + NO3−  →    H2O + 2NO2  5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
467 NO+(H2O)+ CO3− →    H2O +CO2+ NO + O 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
468 NO+(H2O) + O2-H2O  →    NO3 + 2H2O  5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
469 NO+(H2O)2 + e−   →    2H2O + NO 2.0  10-6(300/T)0.2+3.0 10-26(300/T)2.5M 
470 NO+(H2O)2 + O−  →    2H2O + NO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
471 NO+(H2O)2 + O2−  →    2H2O + O2 + NO 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
472 NO+(H2O)2 + O3−  →    2H2O + O2 + NO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
473 NO+(H2O)2 + NO−  →   2H2O + O2 + N2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
474 NO+(H2O)2 + NO2− →   2H2O + NO + NO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
475 NO+(H2O)2 + NO3−  →   2H2O + 2NO2  5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
476 
NO+(H2O)2 + CO3−  →   2H2O + CO2 + NO + 
O 
5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
477 NO+(H2O)2 + O2-H2O  →   NO3 + 3H2O  5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
478 NO+(H2O)3 + e−  →   3H2O + NO 3.0  10-6(300/T)0.2+3.0 10-25(300/T)2.6M 
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479 NO+(H2O)3 + O−  →   3H2O + NO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
480 NO+(H2O)3 + O2−  →  3H2O + O2 + NO 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
481 NO+(H2O)3 + O3−  →  3H2O + O2 + NO2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
482 NO+(H2O)3 + NO−  →   3H2O + O2 + N2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
483 NO+(H2O)3 + NO2−  →   3H2O + NO2 + NO 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
484 NO+(H2O)3 + NO3− →   3H2O + 2NO2  5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
485 
NO+(H2O)3 + CO3− →   3H2O + CO2 + NO + 
O 
5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
486 NO+(H2O)3 + O4−  →   3H2O + NO3 + O2 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
487 NO+(H2O)3 + O2-H2O  →    4H2O + NO3 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
488 NO2+ + e−  →  NO + O 3.0  10-7(300/T)0.5 
489 NO2+ + e−  →  NO2 6.0 10-27M(300/T)0.5 
490 NO2+ + O− →  NO + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
491 NO2+ + O2−  →  NO2 + O2 4.0  10-7(300/T)0.5 + 3.0 10-25(300/T)2.5M 
492 NO2+ + O3−  →  NO3 + O2 4.0  10-7(300/T)0.5 + 3.0 10- 5(300/T)2.5M 
493 NO2+ + NO−  →  N2O + O2 4.0  10-7(300/T)0.5 + 3.0 10-25(300/T)2.5M 
494 NO2+ + NO2−  →  2O2 + N2 4.0  10-7(300/T)0.5 + 3.0 10-25(300/T)2.5M 
495 NO2+ + NO3−  →  NO2 + NO + O2 4.0  10-7(300/T)0.5 + 3.0 10-25(300/T)2.5M 
496 NO2+ + CO3−  →  NO3 + CO2 4.0  10-7(300/T)0.5 + 3.0 10-25(300/T)2.5M 
497 NO2+ + O4−  →  2O2 + NO2 4.0  10-7(300/T)0.5 + 3.0 10-25(300/T)2.5M 
498 NO2+ + O2-H2O  →  NO2 + O2 + H2O 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
499 NO2+ + e− →  N2 + O 2.0 10-7 
500 NO2+ +e− →  N2O 6.0 10-27M(300/T)2.5 
501 NO2++ O−  →  N2 + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
502 NO2+ + O2−  →  N2O + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
503 NO2+ + O3−  →  N2 + 2O2  4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
504 N2O+ + NO−  →  NO2 + N2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
505 N2O++ NO2−  →      N2 + NO3 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
506 N2O++ NO3−  →  NO + NO + NO2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
507 N2O++ CO3−  →  N2 + CO2 + O2 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
508 N2O++ O2-H2O  →  N2O + O2 + H2O 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
509 NH3+ + e− →  NH2 + H 3.0 10-7(300/T)0.5 
510 NH3+ + e− →  NH + H + H 3.0 10-7(300/T)0.5 
511 NH4+ + e− →  NH3 + H 3.0 10-7(300/T)0.5 
512 NH4+ + e− →  NH2 + H + H 3.0 10-7(300/T)0.5 
513 NH4+ + NO2−  →  NH3 + NO2 + H 5.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
514 NH4+ + NO3−  →  NH3 + NO2 + OH 4.0  10-7(300/T)0.5+3.0 10-25(300/T)2.5M 
515 NH4+ + O4−  →  2O2 + NH3 + H 4.0  10-7(300/T)0.5+3.0 10- 25(300/T)2.5M 
516 N2e + N2  →  2N2  2.7  10-11 
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517 N2e + O2  →  N2 + O2E 1.0  10-12 
518 N2e + O2  →  N2 + 2O  2.0  10-12 
519 N2e + O2  →  N2O + O 3.0  10-14 
520 N2e + O2  →  N2O + O1D 3.0  10-14 
521 N2e + H2O  →  OH + H + N2 4.2  10-11 
522 N2e + CO2  →  CO + O + N2 1.5  10-10 
523 N2e + NO  →  NO + N2 1.5 10-10 
524 N2e + NO2  →  NO + O + N2 1.0  10-12 
526 N2e + NH3  →  NH2 + H + N2 4.6  10-11 
527 N2e + NH3  →  NH + H2 + N2 9.0  10-11 
528 N2e + N2O  →  N2 + N2 + O 8.0  10-11 
529 N2e + N2O  →  N2 + N + NO 8.0  10-11 
530 N2e + H2O2  →  N2 + OH + OH 2.0  10-11 
531 N2e + H2 →  N2 + H + H 3.8  10-15 
532 N2e + N  →  N2 + N 5.0  10-11 
533 N2e + O  →  N2 + O e 2.3  10-11 
534 N2 e + NH2  →  N2 + NH + H 1.66  10-11 
535 N2D + N2  →  N + N2 9.4 10-14exp (-510/T) 
536 N2D + O2  →  NO + O 3.5  10-13T0.5 
537 N2D + CO2  →  NO + CO 4.0  10-13 
538 N2D + NO  →  N2 + O 7.0  10-11 
539 N2D + NO2  →  N2O + O 1.5  10-13 
540 N2D + NO2  →  NO + NO 1.1  10-13 
541 N2D + N2O  →  N2 + NO 1.2 10-11exp (-570/T) 
542 N2D + NH3  →  NH + NH2 7.0  10-11 
543 N2D + O  →  N + O 7.0  10-13 
544 N2P + N2  →  N2 + N 2.0  10-18 
545 N2P + O2  →  NO + O 2.0  10-12 
546 N2P + NO2  →  N2O + O 1.5  10-13 
547 N2P + NO2  →  NO + NO 1.1  10-13 
548 N2P + NH3  →  NH + NH2 7.0  10-11 
549 N2P + O  →  N2D + O 1.0  10-11 
550 O2e  →  O2 5.0  10-19M 
551 O2e + O3 →  2O2 + O 5.2  10-11exp (-2840/T) 
552 O2e + O  →  O2 + Oe 1.7  10-10 
553 O2e + H  →  OH + O 1.83  10-13exp (-1550/T) 
554 O2e + HO2  →  O2 + HO2 1.66  10-12 
555 O2e + HO2  →  OH + O + O2 1.66  10-10 
556 O2e + NH2  →  HNO + OH 1.0  10-14 
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557 O2e + NH  →  NO + OH 1.0  10-14 
558 O2e + O e →  O2 + O 1.7  10-10 
559 O(1D)  → O 6.3  10-3 + HV; 
560 O(1D)  →  O 1.8  10-11(N2 + CO2)exp (110/T) 
561 O(1D) + N2 → N2O 3.5  10-37M(300/T)0.6 
562 O(1D) + O2  →  O + O2e 2.7  10-11exp (67/T) 
563 O(1D) + O2  →  O + O2 5.0  10-12exp (67/T) 
564 O(1D) + H2O  →  H2 + O2 2.3  10-12 
565 O(1D) + H2O  →  OH + OH 2.2  10-10 
566 O(1D) + H2O  →  H2O + O 1.2  10-11 
567 O(1D) + NH3  →  NH2 + OH 2.9  10-10 
568 O(1D) + NH3  →  NH + H2O 2.9  10-11 
569 O(1D) + O3  →  O + O + O2 1.2  10-10 
570 O(1D) + O3  →  O2 + O2 1.2  10-10 
571 O(1D) + H2  →  H + OH 1.1  10-10 
572 O(1D)+ N2O  →  NO + NO 6.7  10-11 
573 O(1D) + N2O  →  N2 + O2 4.9  10-11 
574 O(1D) + NO2  →  NO + O2 1.4  10-10 
575 O(1D) + H2O2  →  OH + HO2 5.2  10-10 
576 Oe  →  O+ + e - 2.0  10-7 
577 Oe + O2  →  O2e + O 4.9  10-12exp (-850/T) 
578 Oe + H2O  →  H2O + O 7.0  10-11 
579 Oe + CO2  →  CO2 + O 3.0  10-11 exp (-1315/T) 
580 Oe + NH3  →  NH3 + O 5.0  10-10 
581 Oe + O3  →  O2 + O2 1.2  10-10 
582 OH + H  →  H2 + O 1.38  10-14T exp(-3500/T) 
583 OH + OH  →  H2O + O 1.0  10-11 exp(-500/T) 
584 H2O + O  →  OH + OH 2.5  10-14T1.14 exp(-8624/T) 
585 H2O + H  →  OH + H2 7.6  10-16T1.6 exp (-9281/T) 
586 H2 + OH  →  H2O + H 1.66  10-16T1.6 exp (-1578/T) 
587 H2 + HO2  →  H2O2 + H 1.2  10-12 exp (-9329/T) 
588 H2O2 + H  →  HO2 + H2 2.8  10-12 exp (-1875/T) 
589 H2O2 + O  →  OH + HO2 1.4  10-12 exp (-2000/T) 
590 H2O2 + OH  →  H2O + HO2 1.2  10-11 exp (-720/T) 
591 H2O2 + H  →  H2O + OH 2.8  10-12 exp (-1875/T) 
592 O3  → O2 + O 4.13  10-30MT-1.25 exp (-11500/T) 
593 O3 + O  → O2 + O2 8.0  10-12 exp (-2060/T) 
594 O3 + H  →  OH + O2 1.4  10-10 exp (-470/T) 
595 O3 + HO2  →  OH + O2 + O2 1.8  10-14 exp (-680/T) 
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596 O3 + OH  →  HO2 + O2 1.6  10-12exp (-1000/T) 
597 H + HO2  →  H2 + O2 3.2  10-11exp (-350/T) 
598 H + HO2  →  OH + OH 3.0  10-10 exp (-500/T) 
599 H + HO2  →  H2O + O 9.0 10-12 
600 O + OH  →  H + O2 2.3  10-11 exp (110/T) 
601 O + HO2  →  OH + O2 2.9  10-11 exp (200/T) 
602 O2 + N  →  NO + O 4.4  10-12 exp (-3220/T) 
603 O2 + HNO  →  NO2 + OH 1.66  10-15 
604 O2 + HNO  →  NO + HO2 3.32  10-14 
607 O2 + NH2  →  HNO + OH 3.0  10-16 
608 O2 + NH  → NO + OH 1.26  10-13 exp (-764/T) 
609 CO2 + N  →  NO + CO 3.2  10-13 exp (-1711/T) 
610 NO + O3  →  NO2 + O2 1.8  10-12exp (-1370/T) 
611 NO + N  →  N2 + O 3.25  10-11 
612 NO + NO3  →  NO2 + NO2 3.0  10-11 
613 NO + NO3  →  NO + NO + O2 7.3  10-12(300/T)0.23exp(-947/T) 
614 NO + HO2  →  NO2 + OH 3.7  10-12exp(240/T) 
615 NO + NH2  →  N2 + H2O 1.0  10-6T-1.96 
616 NO + NH2  →  N2H + OH 1.0  10-12EXP(330./T) 
617 NO + NH  →  N2 + OH 5.15  10-11 
618 NO + N2H  →  N2 + HNO 8.3  10-11 
619 NO + N2H2  →  N2O + NH2 5.0  10-12 
620 NO2 + N  →  N2O + O 3.0  10-12 
621 NO2 + O3  →  NO3 + O2 1.2  10-13exp(-2450/T) 
622 NO2 + NO3  →  NO2 + NO + O2 2.3  10-13exp(-1600/T) 
623 NO2 + O  →  NO + O2 5.21  10-12 exp (202/T) 
624 NO2 + H  →  NO + OH 5.8  10-10 exp (-740/T) 
625 NO2 + OH  →  NO + HO2 3.03  10-11 exp (-3400/T) 
628 NO2 + NH2  →  N2O + H2O 2.2  10-12 exp (650/T) 
629 NO2 + NH  →  N2O + OH 1.61  10-11 
630 N2O4  →  NO2 + NO2 4.2  10-7 exp (-5550/T)M 
631 N2O4 + H2O  →  HNO3 + HNO2 1.97  10-12 exp (-3185/T) 
632 N2O4 + NH3  →  HNO3 + N2 + H2O 5.54  10-14 exp (-1410/T) 
633 HNO2 + HNO2    →      NO + NO2 + H2O 1.0  10-20 
634 HNO2 + O  →  NO2 + OH 3.0  10-15 
635 HNO2 + OH  →  NO2 + H2O 1.8  10-11 exp (-390/T) 
636 HNO3 + HNO2  →  2NO2 + H2O 4.63  10-18 exp (-715/T) M+1  
637 HNO3 + OH  →  H2O + NO3 
 (7.2  10-15exp(785/T)) + ((1.9e-
33exp(725/T)) M 
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638 HNO3 + O  →  NO3 + OH 3.0  10-15 
639 HNO3 + H  →  HNO2 + OH 1.0  10-13 
640 HO2NO2 + O  → OH + NO2 + O2 7.0  10-11 exp (-3370/T) 
641 HO2NO2 + OH   →       NO2 + H2O + O2 1.3  10-12 exp (380/T) 
642 N2O + NH  →  N2 + HNO 1.66  10-13T0.5 exp (-1500/T) 
643 N2O5 + H2O  →  HNO3 + HNO3 3.1  10-21 
644 NO3 + NO3  →  NO2 + NO2 + O2 7.5  10-12 exp (-3000/T) 
645 NO3 + O  →  NO2 + O2 1.7  10-11 
646 NO3 + H  →  NO2 + OH 1.1  10-10 
647 NO3 + OH  →  NO2 + HO2 2.3  10-11 
648 NO3 + HO2  →  HNO3 + O2 2.0  10-13exp(550/T) 
649 NO3 + HO2  →  NO2 + OH + O2 8.0  10-13exp(550/T) 
650 NO3 + CO  →  NO2 + CO2 1.6  10-11exp(-3250/T) 
657 CO + OH  →  CO2 + H 1.5  10-13(1+0.6P) 
658 O3 + N  →  NO + O2 1.0  10-16 
659 O3 + NH2  →  NH2O + O2 2.0  10-12exp(-700/T) 
660 NH3 + OH  →  NH2 + H2O 8.32  10-17T1.6exp(- 480/T) 
661 NH3 + O  →  NH2 + OH 1.83  10-18T2.1exp(-2620/T) 
662 NH3 + H  →  NH2 + H2 9.1  10-15T1.3 exp(-6570/T) 
663 NH2 + H2O  →  NH3 + OH 1.56  10-11exp(-7350/T) 
664 NH2 + H2  →  NH3 + H 4.15  10-12exp(- 4420/T) 
665 NH2 + H2O2  →  NH3 + HO2 5.00  10-13 
666 NH2 + NH2O  →  NH3 + HNO 8.3  10-12 
667 NH2 + OH  →  NH + H2O 7.47  10-12exp(-1100/T) 
668 NH2 + H  → NH + H2 1.15  10-10exp(-1825/T) 
669 NH2 + HO2  →  NH3 + O2 1.00  10-13 
670 NH2 + HO2  →  HNO + H2O 1.00  10-13 
671 NH2 + HO2  →  NH2O + OH 2.00  10-11 
672 NH2 + HNO  →  NH3 + NO 2.0  10-10exp(-500/T) 
673 NH2 + O  →  HNO + H 1.1  10-9T-0.5 
674 NH2 + O  →  NH + OH 1.2  10-11 
675 NH2 + N  →  N2 + H + H  1.2  10-10 
676 NH2 + NH2  →  N2H4 2.5  10-11 
677 NH2 + NH2  →  N2H2 + H2 1.23  10-12exp(-1250/T) 
678 NH2 + N2H  →  N2 + NH3 1.66  10-11 
679 NH2 + NH  →  N2H3 7.2  10-11 
680 NH2 + NH  →  N2H2 + H 6.8  10-11 
681 NH + OH  →  HNO + H 3.3  10-11 
682 NH + OH  →  N + H2O 8.3  10-13T0.5exp(-1000/T) 
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683 NH + N  →  N2 + H 1.1  10-11T0.5 
684 NH + O  →  NO + H 3.3  10-11 
685 NH + O  → N + OH 1.66  10-12T0.5exp(-50/T) 
686 NH + NH →  N2 + H2 1.2  10-10 
687 NH + H  →  N + H2 5.0  10-11 
688 NH + HO2  →  NH2 + O2 7.7  10-11 
689 NH + N2H3  →  N2H2 + NH2 3.32  10-11 
690 N2H4 + H  →  N2H3 + H2 2.2  10-11exp(-1250/T) 
691 N2H4 + O  →  N2H3 + OH 5.0  10-12 
692 N2H4 + O  →  N2H2 + H2O 1.41  10-10exp(-600/T) 
693 N2H4 + NH2  →  N2H3 + NH3 6.5  10-12exp(-750/T) 
694 N2H4 + OH  →  N2H3 + H2O 8.3  10-12exp(-500/T) 
695 N2H3 + H  →  N2 + 2H2  1.0  10-11 
696 N2H3 + H  →  NH2 + NH2 2.7  10-12 
697 2N2H3  →  N2H4 + N2 + H2 6.0  10-11 
698 2N2H3  →  2NH3 + N2 1.7  10-10 
699 N2H3 + O  →  NH2 + HNO 1.66  10-11 
700 N2H3 + O  →  N2H2 + OH 8.3  10-12exp(-2500/T) 
701 N2H3 + OH  →  N2H2 + H2O 1.66  10-12exp(-500/T) 
702 N2H2 + O  →  N2H + OH 3.32  10-11exp(-500/T) 
703 N2H2 + O  →  NO + NH2 1.66  10-11 
704 N2H2 + OH  →  N2H + H2O 1.66  10-11exp(-500/T) 
705 N2H2 + H  → N2H + H2 8.30  10-11exp(-500/T) 
706 N2H2 + NH → N2H + NH2 1.66  10-11 exp(-500/T) 
707 N2H2 + NH2 → N2H + NH3 1.66  10-11exp(-500/T) 
708 N2H + H → N2 + H2 6.14  10-11 exp(-1500/T) 
709 N2H + OH → N2 + H2O 5.0  10-11 
710 N2H + O → N2 + OH 1.66  10-11 exp(-2500/T) 
711 N2H + O → N2O + H 1.66  10-11 exp(-1500/T) 
712 HNO + H → H2 + NO 9.0  10-12 
713 HNO + H → NH + OH 3.0  10-20 
714 HNO + OH → H2O + NO 6.0  10-11 
715 HNO + O3 →  NO + OH + O2 3.3  10-14 
716 HNO + O  →  NO + OH 1.66  10-13 
717 HNO + HNO  →  H2O + N2O 6.56  10-12 exp(-2500/T) 
718 NH2O + O3  →  NH2 + O2 + O2 1.5  10-14 
719 NH2O + O2  →  HNO + HO2 2.7  10-18 
720 NH2O + O  →  NH2 + O2 6.64  10-11 
721 N + OH  →  NO + H 5.8  10-11 
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722 N + HO2  →  NO + OH 2.2  10-11 
723 O2 + O  →  O3 6.0  10-34(300/T)2.3 
724 O2 + H  →  HO2 5.9  10-32(300/T) 
725 NO + O → NO2 1.0  10-31(300/T)1.6 
726 NO + OH →  HNO2 7.4  10-31(300/T)2.6 
727 NO + H → HNO 1.1  10-32 (300/T) 
728 NO2 + NO2  → N2O4 4.7  10-35 exp(860/T)  
729 NO2 + NO3 → N2O5 2.7  10-30(300/T)3.4 
730 NO2 + O  → NO3 9.0  10-32(300/T)2.0 
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